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ABSTRACT
The Lower Palaeozoic succession of the Gala area, Southern 
Uplands, comprises two contrasting facies, a pelagic/hemipelagic 
sequence, the Moffat Shales, and overlying turbidite sandstone 
(greywacke) successions variously of Ordovician and Silurian 
age. The area is divided into fault blocks bounded by a series 
of major strike faults, leading to contrasting sequences within 
successive fault blocks; pelagic/hemipelagic facies are replaced 
by turbidites progressively later southeastwards. Turbidites in 
the two northernmost blocks are of Ordovician age, and include 
two formations. Blocks to the south are formed of three 
successively younger formations of the Gala Group (Upper 
Llandovery), with Moffat Shales spanning the Upper Llandeilo - 
Upper Llandovery interval, whilst the southernmost block includes 
one formation representing the Hawick Group (?Wenlock). Two 
formations within the Gala Group have been further subdivided 
into members. In most instances, formations crop out within 
discrete fault blocks, though in one instance successively higher |
levels within a single formation form three separate blocks, i
iwhilst another block includes an interdigitating intraformational 4
contact, attributed to the overlapping of two turbidite fans of <11contrasting source areas. |
Whereas blocks display successively younger flysch sequences 
to the SE, strata within each block young dominantly to NW. The Î
structural style is comparable to areas elsewhere in the Southern #
-I
Uplands; showing evidence of prolonged and continuous 
deformation. Though these observations would support formation 
of an accretionary prism on an active continental-oceanic margin $
in response to a northwestward subduction of an oceanic plate, 
lack of consistent variation in dip attitudes and axial 
overturning may dispute this proposition.
Palaeocurrents suggest a combination of axial and lateral 
derivation of rudites and associated fine-grained lithologies 
with contrasting zones of facies associations, representing 
environments ranging from inner- to outer-fan (fringe) and basin 
plain, and suggesting at least three cycles of progression and 
regression of turbidite fans. Greywacke petrography suggests 
mainly a magmatic-arc and ophiolitic derivation for 'basic-clast' 
greywackes and a dominantly Highland type derivation for 
'silicic' greywackes, with recycling becoming increasingly 
significant in the higher levels, and indicating elevations of 
parts of the succession already accreted.
Mineral assemblages, illite crystallinity and Jifi. values of 
illites establishes the anchizone of metamorphism withuot a 
significant areal variation increase in grade.
11, INTRODUCTION
1.1 Location of the Area
The purpose of this study was to investigate the
stratigraphy, petrology, structure, sedimentation, provenance and
2metamorphism of the Gala Area. The area covers about 250 Km , 
and is located in the southern part of Midlothian (Lothian
Region); part of SE Peeblesshire; and the northeastern part of
Selkirkshire, (Borders Region), SE Scotland (Fig. 1.1). The 
area covers the Northern Belt and part of the Central Belt of the 
Southern Uplands of Scotland (Peach & Horne 1899). The
approximate boundaries of the studied area are as follows;
The northern boundary is marked by the Southern Uplands 
Fault whilst the southern boundary is an arbitrary E-VJ line about 
3 km south of Selkirk. The eastern boundary follows 
approximately the Edinburgh-Galashiels road (A?) whilst the 
southwestern and western boundary is marked by the River Tweed; 
the Gatehopeknowe Burn between [NS 388 376] and [NS 408 376];
northwards through Caddonhead and Ladyside Heights, and thence 
along the Middleton-Innerleithen road (B7007) to the Southern 
Uplands Fault.
The rocks exposed are mainly very fine to very coarse 
grained greywackes interbedded with shales, siltstones and 
conglomerates. Associated black and grey mudstones, some 
associated with cherts, represent the Moffat Shale Group. The
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strata are mostly steeply dipping and the strike is NE-SW.
The topography of the area is characteristic of the Southern 
Uplands as a whole, consisting of a tableland around 700 m high 
dissected by major rivers having strong geological controls on 
their trends. The main foci of drainage are the River Tweed and 
its tributaries the Gala Water and Caddon Water, which 
approximately follow the regional dip. Tributaries to all three 
are numerous, and follow the appropriate trends, several being 
controlled by faults in whole or in part. Some of these are dip 
faults, others (the majority) strike faults, whilst N-S 
alignments relate to sinistral strike-slips and NW-SE, to dextral 
strike slips. Valley floors and slopes carry a thin but 
obscuring cover of drift, and exposures are confined largely to 
stream beds, sporadic slope-break crags, and artificial exposures 
including quarries, and road and railway cuttings. Exposure is 
probably less than 1 percent of the total area, and its 
distribution uneven; eastward of the A7 road exposure fails 
totally under a wide expanse of hill-peat cover.
The area was mapped on a scale of 6 inches to the statute
mile.
1,2 Historv of Previous Research
The pioneers of the research in the Southern Uplands of 
Scotland were Nicol (1848), Sedgwick (1850), Harkness (1851), 
Murchison (1851), Geikie (1871) and Lapworth (1870, 1874, 1878).
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Lapworth's paper "The Moffat Series" published in 1878 laid down 
the basic stratigraphy of the Southern Uplands - Longford-Down 
inlier as a whole. Peach & Horne (1899) revised and further 
extended Lapworth’s work and published the massive Southern 
Uplands Memoir " Silurian Rocks of Britain": Vol. I, Scotland.
Lapworth (1878) and Peach & Horne (1899) established the local 
stratigraphy, which was based mainly on studies of graptolites 
occurring in the interbedded black shale sequences and 
associated, though not interbedded, occurrences of the Moffat 
Shale Group. Very little information was revealed about the 
greywackes which form the bulk of the succession,
Lapworth and Peach & Horne regarded the area as being 
isoclinally folded and arranged as an anticlinorium in the north 
and a synclinorium in the south. This structural concept 
persisted for more than half a century.
Research languished until Kuenen (1953) interpreted the 
rocks of the Southern Uplands as turbidites. Interest was 
renewed when Walton (1955, 1956), Craig & Walton (1959) and
Kelling (1961, 1962) in succession reinterpreted the stratigraphy 
and structure of the area using sedimentary structures as "way 
up" criteria. Walton (1955) subdivided the Silurian succession 
of the Peeblesshire area into three lithostratigraphic units 
based on the petrology of greywackes. Craig & Walton (1959) 
extrapolating the structural pattern of the Kirkcudbrightshire 
coast, reinterpreted the structure of the Southern Uplands as a 
whole as a succession of raonoolinal folds, in which the steep
- il
limbs face consistently Nlf and are bounded by steep reverse 
faults which roughly cancel out the descents of the structural 
profile imposed by the monoformal limbs, to sustain approximately 
constant stratigraphical Levels across wide cross-strike tracts. 
Kelling (1961, 1962) demonstrated that the area in the Rhinns of
Galloway consists of a series of large complex monoclines rather 
than an anticlinorium, and subdivided the area into 
lithostratigraphic units based on the petrological studies of 
greywackes. Comparable pétrographie criteria were employed by 
other workers, including Gordon (1962); Rust (1963, 1965); Warren 
(1963); Welsh (1964). Rust (1965), followed by Weir (1968), 
diagnosed polyphase deformation, recognizing five distinguishable 
episodes. Subsequent studies, including Floyd (1975), Cook & 
Weir (1979) and Hepworth (1981), confirmed the validity of 
pétrographie criteria as a basis for establishing 
lithostratigraphical units displaying widespread lateral 
continuity. These studies accepted in essence the structural 
framework of Craig & Walton (1959) and the deformational sequence 
of Rust (1965).
Meanwhile, in a pioneering study of the Girvan area of 
Ayrshire (tectonically north of the Southern Uplands), Williams 
(1958) analysed fault patterns, and interpreted oblique slips as 
being related to rotation of stress systems during continuing 
deformation. Stringer & Treagus (1980, 1981) adopted the
implication of continuity of deformation, simplifying the 
deformational sequence to partly discrete though merging  ^
phases (F^   ^of Rust 1965) and a late kink-band phase (F^  of
Rust).
Most recently, Webb (1983) has refined both the 'faulted 
monoform' concept of Craig and Walton (1959) and the detail of 
the postulated accretionary prism (Mckerrow _et_al. 1977; Leggett 
et al. 1979), proposing that a pattern of imbricate faulting in 
the Ettrick area, related to shearing of early folds under the 
influence of variable response to lithological contrasts within 
the succession, is widely and perhaps universally applicable 
within the Southern Uplands.
Application of the theory of plate tectonics to the 
Scoto-Irish sector of the Caledonide orogen (Wilson 1966; Dewey 
1969a,b; 1971) led to a re-appraisal of the structural framework
of the Southern Uplands, and to a wider appreciation of the 
process of structural evolution therein, in which the deformation 
pattern v/as equated with that of modern oceanic sediments 
deposited above existing subduction zones. Mitchell (1974) 
compared the structural style with those of modern and ancient 
examples from the Pacific and Caribbean, and suggested a 
northwestward subduction of an oceanic plate beneath the site of 
the present Midland Valley. McKerrow et_ al.._ (1977) suggested
that the Lower Palaeozoics of the Southern Uplands represents an 
accretionary prism which developed on an active continental 
margin where the oceanic plate had a thick sedimentary cover, 
developing this theme on the fallowing grounds:
a) Contrasting sequences in the Southern Uplands are separated by
- 6
major strike faults; adjacent fault-bounded sequences display 
contrasts in sedimentary facies and composition, suggesting 4
deposition in dissociated localities which may have been widely |
separated,
b) Fault-bounded sequences become progressively younger to the |
south, whilst individual fault blocks display an overall |
Î
northward youngihg. Within the area studied, sequences range in |J
age from mid-Caradoc to high Llandovery or perhaps Wenlock. Most i1blocks consists of sparsely fossiliferous or unfossiliferous ;iIturbidite/shale sequences conformably overlying Moffat Shales, q
Iwhich persist to successively higher levels southeastwards,
- 7
2, STRATIGRAPHY
The Ordovician and Silurian turbidite (flysch) succession of 
the Gala and Selkirk area overlies representatives of the Moffat 
Shale Group conformably, and crops out within a number of |
strikewise-orientated fault blocks (Hepworth 1981). Within the -]1two northwest fault blocks, turbidite deposition took place in |
the Caradoc epoch, and within the successively higher levels of
1the more southeasterly blocks in the Llandovery epoch. The |
Silurian succession was divided (Lapworth 1870; Lapworth & Wilson 
1870) into a) the Gala Group and b) the Hawick Group. In the 
present thesis it is proposed to subdivide the Ordovician 
succession into two formations and the Gala Group (Lapworth 1870) ]
into three formations. The mapped portion of the Hawick Group 
(Lapworth 1870) is designated as the Selkirk Formation (Fig.
2,1). These subdivisions are based on lithological characters |
4observable in the field and greywacke petrography. There are J
:jsubtle colour variations in the rocks of successive formations; 1
Ifresh hand specimens were accordingly compared with the 
Rock-Colour Chart (Geol. Soc. Amer., 1980.) and Munsell 
notation numbers assigned to rock colours (given in brackets).
The detailed characters of each formation are as follows:
2.1 ORDOVICIAN SUCCESSION
The Ordovician flysch succession is probably equivalent to 
the Lowther Group as proposed by Geikie (1871). The 
stratigraphie position of the group was uncertain, being based on
Fi#. 2.1; Geological map of the Gala area
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what is now known as a rais~interpretation of the regional 
structure. The definition of the group being unsatisfactory for 
this reason, the name, was resurrected neither by McMurtry (1980) 
nor by Hepworth (1981), working in the adjacent (and eponymous) 
area. For this reason it is not proposed to employ the name in 
this study, nor is it considered necessary to establish an 
alternative name of Group status, as the Ordovician flysch 
succession is less completely represented than in areas to the 
SW,
2.1.1 Falahill- Formation
This formation is named after Falahill, situated on the 
Forth-Tweed watershed about 2 km N of the now closed Heriot 
Station [NS 404 546]. The formation is characterized by the
presence of dark grey (N3) greywackes which are rich in basic 
igneous fragments, feldspars, clinopyroxenes and green and brown 
amphiboles. Garnet and blue amphiboles of the glaucophane group
also occur, the latter being the unique characteristic of the
Falahill Formation, The greywackes are interbedded with brownish 
grey (5 YR 4/1) and medium dark grey (N4) shales. The greywackes 
are very thinly- to thickly-bedded (20 cm to 110 cm), with some 
beds up to 4 ra thick. The beds are mostly massive and poorly 
graded, and graded units are commonly amalgamated. No notably 
thick succession of shales was found, though interbedded thin 
shaly and silty horizons occur.
The northern (upper) limit of the formation is defined by
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the Southern Uplands Fault. The southern (lower) contact can be 
seen about 300 ra north of Carcant farmhouse [NS 364 526],
crossing the small reservoir in Heckle Burn. The contact is 
represented by highly sheared and broken greywackes, indicating a 
fault, the Carcant Fault. Eastwards the contact is not exposed, 
but is deduced to pass a short distance S of Heriot Station [NS 
404 546]. The width of exposure of the Falahill Formation is
around 2000 m.
2.1.2 JieriPt_.Formatl.QXL
a) Greywacke succession
The formation is named after the Heriot Water, and is 
exposed mostly in its tributaries. It is best exposed in a 
quarry on the east side of A7 road about 500 m S of Heriot 
Station [NS 404 546]. This is an ‘acid-clast* formation (.sensu, 
Kelling 1962), and consists of medium dark grey (N4) greywackes 
dominated by quartz, acid igneous and metamorphic rock fragments, 
with subordinate basic igneous and sedimentary clasts and 
feldspars. The formation is garnetiferous. By contrast with the 
Falahill Formation, ferromagnesian fragments are notably 
deficient. The succession is dominated by greywackes which are 
medium to very coarse grained, thin to very thick (ranging 
between 3 cm and 230 cm, mostly 50 cm - 2 m), with some thick 
amalgamated units up to 5 ra thick.
b) Moffat Shales associated with Heriot Formation
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Tlfo isolated successions of cherts, shales and siltstones 
represent Moffat Shales underlying the Heriot Formation, In each 
case the contact is unexposed, but is assumed to be conformable. 
One succession of olive brown (5 Y 5/6) to moderate olive brown 
(5 Y 4/4) cherts, medium grey (N5) siltstones and silty shales of 
up to about 100 m thick is exposed in a stream on the eastern 
side of the Edinburgh-Innerleithen road just opposite Garvald 
farmhouse [NS 352 512]. Chert horizons are highly weathered to 
olive brown (5 Y 5/6) and moderate olive brown (5 Y 4/4), highly 
friable and broken, and interbedded with very thin (1-3 cm), 
friable and medium grey (N5) weathered shales. The thickness of 
the chert beds ranges between 3 cm and 20 cm with a modal 
thickness of 4-5 cm. Siltstones are also highly broken, 
weathered and thinly bedded (4-6 cm). Some of these beds are 
bioturbated; others are parallel laminated. No fossils were 
found in these shales and siltstones. The second succession of 
medium grey (N5) siltstones crops out N of Little Dod [locality, 
NS 369 515] in Heriot Water and can be traced eastwards as far as 
Hangingshaw Hill, E of the Gala Water near Heriot Station. 
Within the present area chert horizons are associated only with 
this level of Moffat Shales.
The northern (upper) contact (described above) of the Heriot 
Formation with the Falahill Formation is faulted, while the 
southern (lower) contact of the underlying Moffat Shales with the 
southeastward-succeeding Hazelbank Formation is not exposed. It 
is inferred to cross the Corsehope Burn near the Corsehope
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farmhouse [NS 38? 510]. The shattered state of the Moffat Shales 
indicates that one or both contacts are tectonic; the southern 
contact of the Moffat Shales of Caradoc age is also with the 
Llandovery succession, and is iiiferentially a major thrust. The 
width of exposure of the Heriot Formation is over 2000 m.
2.2 GALA GROUP
Also in 1871, Lapworth & Wilsons gave a definition of the
Gala Group which is much more satisfactory, as it implies the
Llandovery arenaceous succession into which the Moffat Shales 
pass in the Moffat area. As this definition applies to the
post-Ordovician, pre-Hawick Group flysch succession of the
present area which, being eponymous, can be accepted as the type 
area for the group in Lapworth & Wilsons sense, it is considered 
appropriate to resurrect the name, and to divide it into three 
formations in accordance with established principles (Harland 
âl. 1972, Holland et_al. 1978).
2 .2.1
This formation is named after Hazelbank Quarry [NS 427 498], 
on the eastern side of the A7 road about 600 ra N of the now 
closed Fountainhall Station. It can be divided into three 
members on the basis of lithology (Fig. 2.1):
(a) ÇapglsmûjcatiP-.Mamh&c.
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This member comprises massive and obscurely bedded 
conglomerates of ’basic-clast’ character which contain copious |
Iamounts of rip-up clasts, locally reaching up to several cm in j
length, occassionally showing their original lamination. The i
politic rip-up clasts are roughly aligned parallel to the strike, ^
Ibut no imbrication was observed. Clasts range from a few mm to 1 >1
cm in size, subangular to subrounded and supported by very coarse Iito fine grained sandy matrix. Sporadic, uneven horizons of sandy |1texture which may locally reach up to 1 m in thickness, and are iroughly parallel to the strike also occur, but the nature of -i
their contacts with the conglomerate was not determined. Their if
mineral composition is closely comparable to the Sandy Member |
1(page 13). No cross laminations or current ripples were Iobserved. 4
These conglomerates occur in only a limited number of 
exposures (5) in which neither internal nor external contacts are 
revealed. The upper contact of the member is faulted with the
Moffat Shales underlying the Heriot Formation, and the lower i
contact (iiiferentially conformable) is with the Politic Member of 
the Hazelbank Formation. The thickness of the member may reach 
over 500 ra.
b) Pelitic Member
In this division politic sequences (Bouma Tcde, Tde) 
dominate over thickly bedded and massive (Bouma Tae) sequences 
(Zone 2; Chapter 5). The lithology and petrology of sporadic
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thick greywacke horizons (Bouma Tae sequences) occurring within 
the pelitic sequences is the same as in the succeeding Sandy 
Member, which suggests the same source area, whilst the dominance 
of pelitic sequences indicates a more distal (probably outer-fan, 
fringe) association (Chapter 5).
o) Sandy Member
This member is characterized by thickly bedded dark grey 
(N3) ‘basic-clast’ greywackes (Kelling 1962), typified by basic 
igneous fragments, feldspars and ferromagnesian minerals 
including green clinopyroxenes and green and brown amphiboles. 
These rocks are correspondingly depleted in quartz, acid igneous, 
metamorphic and sedimentary clasts. The beds are thin to very 
thick (3 cm to 1.5 ra, with a modal thickness between 20 cm to 1 
m), locally up to more than 4.5 m thick, and medium to coarse 
grained. The interbedded shales range between few cm and 1 m in 
thickness, and calcareous bands occur sporadically.
The lower contact of the Hazelbank Formation with the 
Fountainhall Formation follows the course of Comely Burn opposite 
Hazelbank Quarry, and cuts across the Comely Burn at [NS 417 
499]. The contact is inferred to continue westwards between 
Ladyside Heights [NS 366 4733 and Dewar Hill [NS 353 474] but is 
not visible. East of the Gala Water the contact has been 
displaced about 800 m southwards by the Gala Water Fault, 
resuming at Allen Haugh [NS 432 495] and continuing to
Cortleferry [NS 440 495].
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2.2.2 Fountainhall Formation
The formation is named after Fountainhall village and is 
exposed in a railway cutting about 500 m WE of Burnhouse [NS 435 
495]. It is widely exposed in different localities throughout 
the reach of the Lugate Water N of Calfhope Burn, and further SW 
in the higher reaches of Gatehopeknowe Burn between [NS 383 386] 
and [NS 376 408], NE of Walkerburn. Lithologically it is
divisible into following two membersi
(a) Sandy and Pelitic Member
This member consists of medium to coarse grained, medium 
grey (N5) greywackes, sporadic conglomerates and dark grey (N3) 
and light olive to olive grey (5 Y 5/1) mudstones, siltstones and 
greyish black (N2) shales. The greywackes are medium to thick 
bedded (3 cm - 1.5 m), with some massive beds up to 10 m thick, 
and are again ’acid-clast’, being typified by quartz, acid 
igneous fragments and feldspars. Basic igneous, metamorphic and 
sedimentary fragments are present in minor amounts. This 
formation is non-garnetiferous, comparatively less siliceous and 
richer in feldspars and basic igneous fragments than the Heriot 
Formation and the succeeding Buckholm Formation.
(b) ■Congl-oraeratio Member
This member consists of a thick, massive and obscurely
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bedded horizon of conglomerate, which may reach up to nearly 
500 m in thickness. Neither internal nor external contacts are 
exposed. The member lenses out westwards across the Comely Burn 
between [NS 414 492] and [NS 418 500].
These conglomerates are obscurely bedded, showing sporadic 
grading to sand size and almost uniformly distributed rip-up 
clasts. Uneven coarse sandy horizons which may reach up to 
nearly 1 m in thickness are closely comparable to the greywackes 
of the lower Sandy and Pelitic Member. The clasts are subangular 
to subrounded and range from a few mm to over 1 cm in size. 
Pelitic clasts are aligned parallel to the strike. No 
imbrication of the clasts was observed. Clasts are supported by 
a coarse to fine sandy matrix which sometimes exceeds the amount 
of pebbles.
Again the upper and lower contacts of the conglomerates are 
not exposed. However, the petrological characters of the 
conglomerate and associated greywackes are closely comparable to 
the greywackes of the underlying Sandy Member, and the 
Conglomeratic Member is therefore regarded as a unit of the 
Fountainhall Formation.
c) Moffat Shales associated with- Fpunjialnhall Formation
Three mappable sequences of pelitic rocks occur within the 
outcrop of the Fountainhall turbidite facies. The northernmost, 
which is structurally the highest, is exposed throughout the
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course of the Still Burn west of Fountainhall, between [NS 426 
492] and [NS 402 484]. This outcrop is of black shales. The 
second pelitic sequence crops out about 2.5 km to the southwest, 
and is exposed in the Lugate Water between its junctions with the 
Sit Burn at [NS 389 468] and the Ewes Water at [NS 387 4633.
This consists of medium grey (N5) siltstones and silty shales. 
The third and the southernmost pelitic sequence crops out about 2 
km SE of the Lugate Water outcrop, and follows the course of the 
Calfhope Burn between [NS 404 454] and [NS 399 451], This is a 
succession more than 100 m in thickness of greyish black (N2) 
shales, brownish grey (5 YR 4/1) siltstones and greenish grey (5 
GY 6/1) mudstones and siltstones, A comparably thick sequence of 
brownish grey (5 YR 4/1) siltstones and mudstones is also exposed 
(along strike) in the upper reaches of the Ewes Water between [NS 
883 453] and [NS 376 443]. This outcrop marks the southeastern
limit of the outcrop of the Fountainhall Formation.
As with the pelitic sequence at the base of the Heriot 
Formation (q.v.), these pelitic sequences represent the 
pelagic/heraipelagic Moffat Shale successions conformably overlain 
by turbidites of the Fountainhall facies. Lithological contrasts 
among the three outcrops are born out by faunal records from the 
three outcrops (Peach & Horne 1899 and supplementary information 
herein, and I. Strachan pers. comm.- see Chapter 4, Age and 
Correlation). These contrasts indicate that the three outcrops 
represent successively higher levels of the Birkhill Shales.
All the outcrops are highly sheared and disturbed. The
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southern outcrop is limited southwards by a fault, which is 
exposed in the Calfhope Burn and continues into the Ewes Water 
outcrop. Inferentially the disruption of the two northern 
pelitic outcrops is likewise related to fault shearing. Three 
successive fault blocks are thus defined within the Fountainhall 
outcrop, each having the appropriate level of Birkhill Shales i
succeeded by turbidites, drawn from a constant source area that i
span the time. The northern shale outcrop is thus associated j
4with the Still Burn Fault, the central outcrop with the 1Glenwhinnie Fault, and the southern with the Calfhope Burn IIFault. a
d) Buckholm-Fountainhall Contact
The lower contact of the lowest shale sequence is faulted in 
the Calfhope Burn and the fault continues southeastwards across 
the high reaches of E\*/es Water. The fault may be inferred to 
continue northeastwards beyond the Caddon Water. Relationships 
between the Fountainhall Formation and the Buckholm Formations 
become complicated in the vicinity of the Caddon Water. The 
contact roughly follows the course of the river, on a N~S trend 
and is highly irregular, the two formations appearing to 
interdigitate (Fig. 2.1). Southwards the contact again resumes 
its NE-SW trend, cutting across the Gatehopeknowe Burn. This 
relationship suggests the interdigitation of two overlapping 
turbidite fans in the vicinity of the present Caddon Water, 
carrying material from contrasting source areas, potentially far 
removed. This suggestion is supported by the following
— 1
supplementary observations:
a) Although the Caddon Water follows the sinistral strike-slip 
trend; there is no evidence of major faulting along the Caddon 
Water; yet a strike-slip displacement of nearly 4 Ion would be 
necessary if interdigitation were not responsible. The north 
boundary of the Fountainhall and Hazelbank Formations are not
offset; and a large strike slip movement would have to be
accommodated by thrusting and/or differential buckle-folding in 
each formation. There is no evidence of differential deformation 
on an appropriate scale.
b) The strata across the Caddon Water represent comparable facies 
associations (Zone 5; Chapter 5),
c) Divergence of erosional currents by as much as 90'^  in 
successive turbidite sequences is most logically explained by the 
interdigitation of fans.
d) The occurrence of comparable faunas (Peach & Horne 1899) 
within the contrasting facies on both sides of the Caddon Water 
(noting that whereas the Peach & Horne identifications are
considerably out-dated, the age determinations remain valid, at 
least in a broad context).
To the SW extreme of the mapped area, the Fountainhall and
Buckholm contact is not exposed and inferentially cuts across the 
Gatehopeknowe Burn at [NS 383 3853 about 2.5 km NW of Walkerburn j
(Fig. 2.1). Fossil records (Peach & Horne 1899) show that the j
Buckholm Formation and the southwestern part of the Fountainhall )■I
Formation (Fig. 2.1), stratigraphically underlie the level of the '
° • i
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Birkhill Shales exposed in Calfhope Burn and Ewes Water, and 
constitute one block (see Age and Correlation, Chapter 4), the 
lower contact of which is along the Ettrick Water. Although 
unexposed, the contact of the Buckholm and Fountainhall 
Formations across the Gatehopeknowe Burn at [NS 383 385] is thus 
considered to be stratigraphical rather than tectonic, though of 
course there may have been minor shearing related to the contrast 
in faces between the formations. The 'block' covers a 
cross-strike width of over 15 km, consists mostly of the Buckholm 
Formation.
2.2.3 Buckholm Formation
This formation is named after Buckholm Hill (Buckholm 
Sandstone, Lapworth & Wilson 1870a) N of Galashiels. It consists 
of very thick and massive, medium dark grey (N4) and dark grey 
(N3) greywackes (ranging from a few cm up to more than 15 m , and 
mostly 20 cm to 2 m). In places these greywackes are
conglomeratic and in others interbedded with thin to thick (40 cm 
to 3 m) horizons of greenish grey (5 GY 6/1), brownish grey (5 YR 
4/1), greenish olive (10 Y 4/2) mudstones, and medium grey (N5) 
shales and siltstones. The greywackes are silicic, being notably ?
enriched in quartz, in association with acid igneous and , 
metamorphic rock fragments. Garnet is commonly visible 
megascopically and is valuable as horizon index. Feldspars, #
sedimentary and basic igneous clasts are subordinate, and the 
prevalence of quartz imparts a vitreous lustre to fresh frectured 
surfaces. The profusion of garnet readily distinguishes the
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Buckholm Formation from the otherwise compositionally comparable 
Fountainhall and Selkirk Formations. The greywackes are 
interbedded with greenish grey (5 GY 6/1), greyish red (5 R 4/2), 
brownish grey (5 YR 4/1), greyish olive (10 Y 4/2) and pale brown 
(5 YR 5/2) mudstones, and medium grey (N5) shales and 
siltstones. These mudstones are prolific in trace fossils, 
mostly burrows of Dictvodora (Benton 1982) and are exposed in 
three localities in Glentanner Burn between [NS 424 411] and [NS 
421 415], near Thornylee [NS 401 376] and near Bowshank [NS 460
416] to the E of the A7 road. In Glentanner Burn one locality 
[NS 424 411] is dominated by greyish red (5 R 4/2) mudstones with 
subordinate brownish grey (5 YR 4/1) and occasional thin ( 1 - 3  
cm) bands of green mudstones. The second locality [NS 421 415]
has a prevalence of greyish olive (10 Y 4/2) mudstones. These 
mudstones are occasionally silty and show parallel lamination, 
and contain only a few trace fossils. The thickness of the 
mudstones ranges between 1 cm and 5 cm, with a mode between 2 - 3  
cm. Sporadic thin ( 2 - 4  cm) silty bands are also present. The 
thickness of the mudstone horizons in Glentanner Burn is more 
than 2 m and the contacts are not exposed. Near Thornylee [NS 
401 376] the mudstones are dominantly greyish red (5 R 4/2) but
brownish and dark grey mudstones are also present interbedded 
with thickly bedded garnetiferous greywackes (which range 5 cm to 
2 m, and mostly between 20 and 40 cm). The mudstone horizons are 
2 to 3 m thick, and include sporadic thin (4-10 cm), Tcde, 
Tbcde, Bouma sequences. The Dictvodora burrows denote the 
Nereites subfacies (thick accumulations of mudstones and 
siltstones deposited by weak turbidity currents; (cf. Walton
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1956, Seilacher 1974), and are concentrated especially within the 
greyish-red and medium grey mudstones. The environmental 
controls on these fossils are not certain but oxygen content of 
the sediment may be involved (Benton 1982) since these are mostly 
associated with primary red or purple mudstones and some with 
grey-green mudstones. The red or purple colour of some Gala 
Group and Hawick Rocks mudstones has been explained in terms of 
rapid deposition of oxidized source material, inferred as 
contemporary andesitic volcanics exposed to the coastal erosion 
during periods of transgression (Ziegler & McKerrow 1975). These 
authors point out that ‘organic productivity can inferred to be 
low in the areas of red bed accumulation', but the abundance of 
trace fossils at certain levels suggest considerable biological 
activity.
The outcrop of the formation is anomalously wide, covering a 
cross-strike width in excess of 15 Ion. This width is considered 
to reflect folding and imbrication, rather than anomalously large 
stratigraphical thickness (an unfaulted succession with this 
width of outcrop would record a thickness of more than 8 km; of. 
Webb 1983). Its lower contact is with the Selkirk Formation and 
roughly follows the Ettrick Water north of Selkirk. The contact 
is inferentially the Ettrick Valley Thrust (Toghill 1970).
2.3 HAWICK GROUP
The Hawick Group was first proposed as a field name, Ardwell 
Group ('Hawick Rocks'), in the servey of i860's. The name was
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established as the Hawick Rocks (Lapworth & Wilson 1871)> 
considered as basal to the succession. Subsequently resurrected 
(Warren 1964), the unit was subdivided into two formations by 
Rust (1965), thus attaining the status of a Group on established g
procedure (Harland et al. 1972; Holland et_al. 1978).
2.3.1 Selkirk Formation
This formation (Selkirk beds, Lapworth & Wilson 1870a) is 
named after Selkirk town, to the E and SE of which the rocks are 
exposed in various localities near Bell Hill and Selkirk Common. 
Originally proposed as a unit overlying the Hawick Rocks, the 
formation is considered to be a unit within the Hawick Group.
The formation consists of medium grey (N5) to medium dark grey 
(N4), fine grained, flaggy, and thin to moderately thick (ranging 
from 4 cm to 2.5 cm, and mostly 10 to 75 cm) greywackes 
interbedded with thin to thick (a few cm to Ira) sequences of §
medium grey (N5) to olive grey (5 Y 4/1) mudstones, siltstones 
and shales. The greywackes are characteristically fine grained 
and siliceous with acid igneous fragments, and a copious matrix 
which is mostly carbonate. Sporadic coarse grained horizons are 
not rich in carbonate matrix and tend to be garnetiferous. 
Metamorphic, basic igneous and sedimentary rock fragments are 
present in subordinate amounts. In the Selkirk Formation as a 
whole, interbedded pelitic horizons (Tcde, Tde) are comparatively 
more abundant (see Zone 6, Chapter 5) and the proportion of the 
matrix is conspicuously higher than the other formations.
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Mapping was terminated within the formation. The lower 
contact is not exposed in the area, being located probably 
farther southwards; as noted above, the upper and inferentially 
faulted contact with the Buckholm Formation coincides 
approximately with the Ettrick Water. An apparent thickness of 
at least 3 Icn was mapped.
J
-  24 -
3. PETROLOGY
This chapter deals with the petrology of the greywackes, and 
includes an account of point counting, granule counting and heavy 
mineral counting of selected specimens. Almost all have more 
than 15^  matrix and most contain more than 20%. The majority 
correspond to lithic greywackes as defined by Pettijohn (1957) 
(cf. Fig. 3.3b). The analysed specimens of the Selkirk 
Formation were not plotted on Pettijohn's diagram because the 
major portion of the matrix is secondary carbonate (range: 
24-40%; mean: 32%) and replacement of other components most
probably selective. Specimens of the Selkirk Formation deficient 
in carbonate matrix do, however, correspond to lithic 
greywackes. The matrix of the greywackes is partly detrital and 
partly authigenic (Plates 3.1-3.2), supporting the conclusion 
that greywacke matrix is at least partly diagenetic in origin 
(Cummins 1962). The main clastic constituents are quartz, alkali 
and plagioclase feldspars, rock fragments in variety and 
ferromagnesian minerals, set in fine grained clastic and 
secondary phyllosilicate matrix, with or without carbonate. 
Mineral chemistry and classification of the more complex minerals 
are considered in detail in chapter 8.
3.1 DOMINANT CLASTIC MINERALS
QUARTZ : This occurs as poorly-sorted detrital grains in all
formations. Quartz clasts are typically large in any sample. 
Grains often display marked corrosion of the boundaries with
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replacement by authigenic minerals, dominantly phyllosilicates 
with a localised development of carbonate. Clay minerals may 
grow perpendicular to the grain surface, corroding its original 
boundaries (Plate 3.1). Corrosion of quartz by calcite, by 
increasing clast angularity (Plate 3.2), contributes to the
textural immaturity of the greywackes. Most grains contain 
inclusions, mostly of the irregular, globular, and regular types 
(Plate 3.3-3.6; Mackie 1896; Keller and Littlefield 1950); 
acicular inclusions also occur, but are rare. Identifiable 
inclusions are mainly of quartz, zircon, apatite, rutile, micas, 
vermicular chlorite and liquid/gas globules. 100 quartz grains
were examined in 5 specimens from each formation and the 
inclusions present recorded (Table 3.1). In most grains there
are two or more types of inclusions, irregular inclusions being
ubiquitous and globular occurring in more than 75% of grains.
The regular type is subordinate and the acicular type least 
abundant. As irregular and globular inclusions characterize the
and acicular inclusions the rocks of metamorphic origin, the 
study (Table 3.1) suggests that igneous quartz dominate over the 
metamorphic quartz. The distribution of inclusions is almost the 
same in all formations (Table 3.1) and is therefore of little 
value in differentiating between the formations and in 
discriminating sources, confirming the findings of Kelling (1961) 
and Floyd (1975). Globular inclusions contain both liquid and 
gas, and may occur in bands (presumably secondary) or isolated 
(presumably primary). Liquid inclusions are dominantly of 
monophase and 2-phase types (Yermakov, 1965, p.25) but isolated
quartz of igneous origin (Keller & Littlefield 1950), and regular i/I;.3
Table $.1: Inclusions in quartz grains
R ~ Regular A = Acicular I = Irregular G = Globular
Sp No Gr Ref R I A G
SELKIRK FORMATION i
7$0 487 291 09 100 06 84 1748 480 259 15 100 06 79 ■j785 492 264 08 100 05 87745 478 275 14 100 06 80758 481 279 16 100 05 79mean. 12.4 100 5 .6 81.8
BUCKHOLM FORMATION
700 562 559 15 100 05 81 <771 456 500 14 100 07 78 ■159 416 459 11 100 10 79 i056 485 578 21 100 06 75 1048 460 598 12 ioo 08 80 1mean 14.6 100 6.8 78.2 îFOUNTAINHALL FORMATION j
555 576 456 08 100 09 79 1680 585 415 10 100 07 81 ■j501 585 465 15 100 05 80507 596 482 17 100 05 80 1654 585 586 14 100 05 85 1mean 12.4 100 5*4 80.6 ia
HAZELBANK FORMATION
590 559 504 20 100 05 69 1458 568 490 19 100 01 77 i090 429 501 15 100 01 77 i2-b 424 506 14 100 06 86 1557 588 507 12 100 04 85 ■mean 15 .6 100 04 78.2
HERIOT FORMATION 1617 456 559 18 100 05 77 I!5 54-a 565 528 15 100 07 7881 419 545 17 100 04 79597 568 508 19 100 04 77 i551 566 526 16 100 06 78 '1mean 17 100 4.8 7 7 .8 1FALAHILL FORMATION i
545 552 525 16 100 05 81540 561 552 12 100 06 82 1554 565 528 14 100 06 82 ■|557 565 550 10 100 05 8580-a 595 554 15 100 10 75mean 1 5 .4 100 06 80.6 1
Plate 3.1; Photomicrograph of greywacke from Selkirk Formation showing 
corrosion of quartz grains by diagenetic (clay) minerals, 
X250, cross polars.
Plate 3.2: Photomicrograph of greywacke from Selkirk Formation showing
replacement of quartz grain by calcite, X250, cross polars.
Plate 3.3; Photomicrograph of greywacke from Hazelbank Formation showing 
regular inclusions in quartz grain, X250, cross polars.
Plate 3.4; Photomicrograph of greywacke from Buckholm Formation showing
vermicular inclusions of chlorite in quartz grain, XI00,
cross polars.
Plate 3.5: Photomicrograph of greywacke from Buckholm Formation showing 
globular liquid/gas (biphase) and irregular inclusions in 
quartz grain, X250, plane polarized light.
4
Plate 3.6: Photomicrograph of greywacke from Fountainhall Formation
showing acicular inclusions in quartz grain, X250,
cross polars.
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3-phase inclusions may be found. Modern freezing and thawing 
techniques, not then available locally, would have considerable 
potential in diagnosing the early history of the mineral clasts, 
and in adding on the geology of the source area.
Detrital quartz grains in three specimens from each 
formation were studied by means of thin-section traverses. 
Grains were classified as unstrained, slightly strained, strongly 
strained and polycrystalline (Blatt and Christie I963). It was 
found out that quartz-enriched formations (Heriot, Fountainhall 
and Buckholms) are dominated by strongly strained and 
polycrystalline grains, whereas ’basic-clast’ formations 
(Hazelbank and Falahill Formations) have high proportions of 
unstrained or slightly strained quartz grains. The high 
proportion of strained quartz is held to reflect the mixed 
igneous and metamorphic source of the Heriot, Fountainhall and 
Buckholm Formations (Fig 3.1), whilst the dominance of unstrained 
or slightly strained quartz in the Hazelbank and Falahill 
Formation is ascribed to a volcanic source.
FELDSPARS; Feldspar is the second most abundant mineral group in 
the rocks of the Gala area. The Falahill, Hazelbank and 
Fountainhall Formations are notably feldspathic, whereas the 
Heriot, Buckholm and Selkirk Formations are feldspar-depleted. 
Sodic plagioclase is the most common and orthoclase, microoline 
and ffiicroperthite are also present in minor amounts. A few
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3.1: Study of the extinction in quartz grains.
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grains of albite also display chessboard zoning. Microprobe 
analyses of plagioclase (Chapter 8; Section 8.3.4) show that all 
the analysed plagioclase grains correspond to albite (AnO-An9).
Feldspars are particularly susceptible to alteration which 
ranges from slight cloudiness to almost complete replacement by 
carbonates, clay minerals and locally epidote. In zoned types 
the cores are more altered than the surrounding rims.
FERRQMAGNESIAN MINERALS: Ferromagnesian minerals are common in
the ’basic-clast’ Falahill and Hazelbank Formations and rare in 
other formations. They include pyroxenes and amphiboles in 
variety.
Pyroxenes: Two types of pyroxene may be found both in the
Falahill and Hazelbank Formations: a) Faintly pleochroic,
colourless to light green, with extinction angle 30-45°, biaxial 
positive and polarization colour of 3rd order orange. In these 
instances, the slower ray makes the smaller angle with cleavage 
traces in longitudinal sections. These properties denote
augite. b) A colourless, non-pleochroic variety with extinction
angle 26-45°, biaxial positive with polarization colour of 3rd 
order yellow. These presumably correspond to salite/diopsidic
augite. Intergrowths of both these types are also present.
Amphiboles: Two types of amphiboles occur commonly: a) Colourless 
to pale green, yellowish, dark green to brownish green with 
extinction angle 12-23°, biaxial negative; these correspond most
_
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closely to hornblende. This amphibole is very common in the 
Falahill and Hazelbank Formations, b) A bluish green to violet 
and inky blue type, with extinction angle of 4-17° which belongs 
to the glaucophane group. This amphibole is confined to the 
Falahill Formation. In amphiboles present in situ within the 
Ballantrae Complex, blue amphibole mantles normal green 
amphibole. Purely blue amphiboles are entirely detrital, and 
restricted to melanges.
Epidote: Epidotes are colourless to pale green and bright yellow, 
non-pleochroic to very weakly pleochroic, showing parallel 
extinction and are biaxial negative. They occur mostly as 
irregular detrital grains, as aggregates (epidosite) and as 
subhedral to euhedral columnar and psudohexagonal inclusions in 
quartz and feldspars. Certain detrital grains contain quartz 
inclusions, i.e, they exhibit "sieve structure".
MICAS: Micas are widespread in all the formations. Muscovite and
biotite are the commonest, and are widely distributed. Biotite 
is typically yellowish brown to dark brown and occasionally red 
in colour. It is mostly detrital but the bright red type is very 
likely to be authigenic. Biotite flakes show various degrees of 
alteration to chlorite and in some instances the grains are 
completely altered. Muscovite is universally present and 
exclusively detrital. The flakes are in some instances very 
coarse, and tend to be deformed and twisted by compaction. It 
has been observed commonly in greywackes of the Falahill 
Formation that newly formed prehnite grows perpendicular to the
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basal cleavage of the mica flakes (particularly muscovite) and 
thus disrupts the flakes. Flakes of authigenic white mica 
occurring in matrix show preferred orientation.
CHLORITE; Chlorite occurs in all formations, being especially 
abundant in the Falahill and Hazelbank Formations, It is 
pleochroic with colours ranging from light pale green to dark 
green and bluish-green. It occurs mostly as irregular patches in 
the matrix, replacing the original detrital matrix minerals and 
in some instances replacing detrital grains partly or wholly. 
Although much of the matrix in the Selkirk Formation is calcite, 
chlorite is also a significant component. Chlorite also replaces 
biotite, partially or wholly. Clasts of chlorite schist also 
occur, and might have furnished as a source for the detrital 
chlorite at least on a minor scale. Vermicular inclusions of 
chlorite in quartz grains (Plate 3.4) are also present in all the 
formations.
MATRIX: Matrix is taken conventionally as consisting of all
material having a grain size of less than 0.01 mm. This size 
range includes the finer detrital grains along with 
diagenetically formed phyllOsilicates and calcite 
(Plate 3.1-3.2). Of these chlorite is the most abundant, 
associated with a lesser proportion of illite, and in some cases 
kaolinite (Chapter 8; Section 8.2).
In the greywackes of the Selkirk Formation the matrix is 
mainly calcite (Chapter 8; Section 8.4.10; Appendix 8.17) with
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subordinate phyllosilioates. The amount of calcite in the 
Selkirk Formation ranges from 24 to 40^ (mean = 32%). The
carbonates have replaced a variety of detrital grains and matrix 
as well (Plate 3.2), and may approach 50% by volume; in such 
instances massive replacement is complete, and partially-replaced 
clasts remain suspended in a coarsely crystalline carbonate 
matrix.
Detrital politic clasts, being incompetent, are extensively 
deformed by compaction (Plate 3.15). In some cases deformation 
may be so extensive as to bring about their total incorporation 
with the matrix, to give rise to "pseudo-matrix" (Dickinson 
1970).
3.2 HEAVY MINERALS '
Thin sections of the greywackes were used to study the heavy 
minerals. Five thin sections from each formation were selected, 
each section being traversed to cover an area of 1x2.2 cm. 8 
types of heavy mineral were counted; apatite, epidote, garnet, 
glaucophane, chrome spinel, tourmaline, rutile, and zircon. The 
results (Fig. 3.2) appear reasonably consistent within formations 
and provide at least a semi-quantitative measure of the various 
species present.
The Falahill Formation is rich in garnet, apatite, chrome 
spinel and glaucophane. Chrome spinel and glaucophane are more 
likely to have been derived from a subduction complex, as chrome
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spinel is characteristic of basic and ultrabasic rocks and 
glaucophane is characteristic of high T&P metamorphism, whereas 
the garnet, showing .'sieve structure' (Plate 3*7) may have been 
derived from a high grade regional metamorphic terrain 
(presumably Dalradian). The Hazelbank Formation is characterized 
by epidote, chrome spinel and apatite but devoid of glaucophane 
and garnet. Chrome spinel and apatite again reflect a mixed acid 
and basic igneous source.
In the Heriot and Buckholm Formations, garnet, tourmaline 
(Plate 3.8) and apatite are consistently present, which supports 
a dominantly metamorphic and acid igneous source area. In the 
Fountainhall Formation, apatite, chrome spinel and epidote 
prevail, suggesting a dominantly acid igneous and partly basic 
igneous source with some contribution from a metamorphic area. 
In the Selkirk Formation apatite, chrome spinel and tourmaline 
are again present, suggesting a source area comparable to that of 
the Fountainhall Formation.
3.3 OPAQUE MINERALS
Pyrite is the most common mineral among the opaques, 
occurring in all the formations as aggregates of cubes, as 
spheres and in some instances as irregular patches in the 
matrix. Its association displays a tendency to replace both 
matrix (carbonate and phyllosilioates) and clasts, suggesting 
that it has formed late in the diagenetic history of the rocks.
Plate 3.7: Photomicrograph of greywacke from Buckholm Formation showing 
'sieve-structure* in garnet grain; islands inside the grain 
represent quartz, XI00, plane polarized light.
\
Plate 3.8: Photomicrograph of greywacke from Hazelbank Formation showing 
'sieve-structure' in tourmaline grain, X100, plane polarized 
light.
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3.4 ROCK FRAGMENTS ]
IIgneous (Plates 3.9-3.11), metamorphic (Plates 3.12-3.13) |
1and sedimentary (Plates 3.14-3.16) clasts are all represented -j1(Table 3.2), in order of decreasing abundance, acid volcanic IIclasts being the most abundant. Detailed descriptions of rock i
fragments are given in Appendix No. 3.4. Igneous (spilite, |Ivolcanic glass, rhyolite porphyry) and sedimentary fragments |I(siltstone, greywacke, chert and shale) are universally present. IIThe Buckholm, Heriot and Selkirk Formations are typified by a j
Iprofusion of acid volcanic, granitic and.metamorphic clasts |I(mostly quartzite and mica schist); the Fountainhall Formation by 
granite, rhyolite porphyry, diorite and limestone fragments; and
the Falahill and Hazelbank Formations by andésite, dolerite, j
11dacite and epidosite, with occasional sandstone and shell |Ifragments. Glaucophane schist fragments (Plate 3.13) are |1confined to the Falahill Formation, as are monomineralic 
blue-amphibole grains.
3.5 MODAL ANALYSIS
There are slight variations in the megascopic characters 
(colour, amount of siliceous grains, presence or absence of 
megascopic garnets, lustre) of the greywackes throughout the 
area, though the contrasts are not adequate in all cases to be 
diagnostic for subdividing the succession. Petrographical 
studies on Ordovician rocks (Kelling 1961; Welsh 1964; Floyd 
1975; and others) and Silurian rocks (Walton 1955; Gordon 1962;
Table No 5*2: Types of rock fragments observed
IGNEOUS SEDIMENTARY METAMORPHIC
Spilite
' rby 01 i t o p o r phy ry 
volcanic glass
trachyte 
ice rate phy re 
granite 
granodiori.te 
dacite
d i o r 1,1 0 / d olerite 
andesi te/basaJ. t
siltstone
greywacke
shale
cherts 
limestone 
sandstone 
black shale 
she 11, f r agm en 11 s
quartzite
muse ov i t e- sch 1st
mu scovite-biotite-
schist
c h 1 0 r i t. G-schist
garnet-'Schist
g 1 au c 0 ph an e - s c h i s t
epidosite
amphibelite
e p i d 0 1 e-- am ph ibol i t o
? ]c. y an j. tc sc li i s t
Plate 3.9: Photomicrograph of greywacke from Falahill Formation showing 
andésite fragment consisting amphibole phenocrysts, X250, 
plane polarized light.
W
Plate 3.10: Photomicrograph of greywacke from Fountainhall Formation
showing rhyolite fragment consisting feldspar phenocrysts,
X025, cross polars.
Plate 3.11: Photomicrograph of greywacke from Fountainhall Formation
showing granite fragment consisting micrographie intergrowths 
of quartz and plagioclase, XI00, cross poiars.
Plate 3.12: Photomicrograph of greywacke from Buckholm Formation showing
strong quartzo-micaceous alignment in schist fgragment,
X250, cross polars.
Plate 3.13: Photomicrograph of greywacke from Falahill Formation showing 
aggregate of minute glaucophane crystals in blueschist 
fragment, (centre), X250, cross po/ars.
Plate 3.14: Photomicrograph of greywacke from Buckholm Formation showing 
quartz overgrowths in detrital sandstone fragment, X250, 
cross polars.
êPlate 3.15: Photomicrograph of greywacke from Hazelbank Formation
showing incompetent politic sedimentary fragments compressed 
and deformed between competent fragments, X025, cross polars,
Plate 3.16: Photomicrograph of greywacke from Hazelbank Formation
showing impunctate brachiopod fragment derived presumably 
from a shallow marine environment, X100, cross polars.
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Warren 1963; and others), have shown that the Southern Uplands 
greywacke sequences can be subdivided into laterally extensive 
and raappable units, mostly with the status of formations, on the 
basis of mineralogical characteristics. The rocks of the Gala 
area have been divided on this basis into six lithostratigraphic 
units and have been correlated with those in the adjacent area of 
Peeblesshire (Walton 1955) and with West Nithsdale (Floyd 1975).
As the Gala area is poorly and unevenly exposed, it is 
unrealistic to attempt to collect samples according to a 
pre-planned grid pattern. Fresh samples were accordingly 
collected wherever available. Qualitative estimation of thin 
sections was generally adequate to differentiate the formations. 
In order to confirm this proposition, and also to assess any 
horizontal and lateral variations, appropriate specimens of each 
formation were selected (Fig. 2.2, Chapter 2) for point 
counting. Very coarse and very fine grained specimens were 
excluded except in the preponderantly fine-grained Selkirk 
Formation. The samples were counted using a Swift Automatic 
Point Counter, Model C, for eight components: quartz, feldspar, 
acid igneous, basic igneous, sedimentary and metamorphic rock 
fragments, ferromagnesian minerals and matrix, as defined above. 
A test of comparison between the percentages of components for 
500 and 1000 point counts in 9 specimens (Appendix 3.2) shows 
that the percentages obtained for the components in each count 
are ranked in the same order. Tests of correlation, and 
significance of correlation, were carried out a) between 
component minerals among the 9 samples and b) between 8 component
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minerals within the individual samples counted, for one 500-count 
and the 1000-count data sets respectively (Table 3.3). In each 
instance, the product moment correlation coefficient (R) 
approaches, or more usually exceeds, 0.9 (where 1.0 denotes 
perfect correlation). Significance (T) exceeds 3.0 in each case, 
implying <0.1% chance of the correlations not being significant 
for 6 degrees of freedom. It was thus considered justifiable to 
count only 500 points in most of the samples since these counts 
yielded contrasts adequate to confirm the qualitative 
differentiation of the formations. The count interval was 1/3 
mm, and the traverses interval 1mm apart, avoiding multiple 
counting of the large clasts,
3.6 Comparison with other areas
The results (Appendix 3.1, 3.2) of the point counting were
plotted on triangular diagrams (Fig. 3.3a, b) with the three end 
members as: Q (quartz, acid igneous and metamorphic clasts); M
(matrix, sedimentary fragments and mica); and F (feldspar, basic |
igneous fragments and ferromagnesian minerals). 1JComparison of the QMF plots of the Ordovician succession of j
the Gala area with plots from the Rhinns of Galloway (Kelling j
I1962) and West Nithsdale (Floyd 1975); (Fig. 3.4a), and the
1Silurian succession of the Gala area with plots from Peeblesshire îi(Walton 1955) and Hawick (Warren 1963) (Fig. 3.4b), shows that 111although the plots are not strictly comparable, (probably through |j
o p e r a to r  b i a s ) ,  th e  fo r m a t io n s  m a in ta in  t h e i r  r e l a t i v e  1
Table $.5: Test of correlation between
the results of 500 and 1000
point c ount s»
a) Correlation between samples (n=9)
Component R T
Quartz 0.99 10.75
Feldspar 0.99 15.15
Acid igneous ■ 0,99 10.61
Basic igneous 0.97 07.55
Sedimentary 0.94 05.12
Ferromass 0.87 05.08
Matrix 0.95 05 .54
Total sample 0.99 54.87
b) 'Within-sample' correlation (partly independent, less re11able)
Sp No R T
^8 1.00 17.66
2-c 0.96 04.01
90 0.99 14.55
520 0.97 06.48
21 1.00 85,14
5-a 0.97 06.52
81 1.00 52.85
218 0.99 12.29
522 0.97 06,80
All very highly significant (>1000i%in
R ~ Correlation coefficient 
ï = f test
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compositions within the succession as a whole, effectively 
throughout their outcrop in the Southern Uplands.
3.7 GRANULE COUNTS (Appendix 3.3)
A minimum of 75 granules (grains more than 1 mm across) were 
counted in the coarser grained specimens, and classified as 
quartz, feldspar, acid volcanic, acid plutonic, basic volcanic, 
basic Plutonic, sedimentary and metamorphic. The acid plutonic 
class includes granite and granodiorite; the acid volcanic class 
comprises rhyolite, and volcanic glass. The basic plutonic class 
incorporates gabbro, dolerite and diorite, and the basic volcanic 
class consists of spilite, keratophyre, andésite, and 
?trachyandesite. Metamorphic and sedimentary rock fragments 
include the components outlined above (Section 3.5).
• The results (Appendix 3.3, Fig. 3.5a) show a marked spread 
and give a less clear differentiation of the formations than the 
point counts. Although comparisons of the Ordovician formations 
(Fig. 3.5b) with their proposed equivalents in the Rhinns of 
Galloway (Kelling 1962) and West Nithsdale (Floyd 1975) are less 
precise than the grain counts, the formations maintain their 
relative positions within the plot.
A) ORDOVICIAN SUCCESSION
 ^ Selkirk 
e Buckholm 
A Fountainhall 
A Hazelbank 
tj Heriot 
o Falahill
o Falahill
© Heriot
Sh Shinnel
Sc Scar
PA Portpatrick 'acid'
PB Portpatrick ’basic (Kelling 1962)
(Floyd 1975)
Fi#. 3.5; (a) Results of the granule counts plotted on AMBtriangular diagram. A= Acid igneous; B= Basic igneous;M=: Metamorphic. (b) Comparison of AMB plot with other..areas
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Falahill Formation
The greywackes ôf the Falahill Formation are "basic clast" 
sensu Kelling (1961), being quartz-depleted and feldspathic, and 
having in particular an abundance of basic igneous rock fragments 
and ferromagnesian minerals (Fig. 3.3a; 3.6), mostly
clinopyroxenes and green, brown and blue amphiboles. The 
presence of garnet and blue amphiboles of the glaucophane group 
is diagnostic of the Falahill Formation.
Heriot Formation
These greywackes are 'garnetiferous* in the sense of Walton 
(1955). The rocks are quartz-enriched, reflecting the high 
content of acid igneous and raetamorphic rock fragments. 
Feldspars and basic igneous fragments are subordinate, with a 
consequential lack of ferromagnesian minerals (Fig, 3.3a; 3.6).
Most of the bed are garnetiferous, although some beds lack 
garnets. After garnet, apatite and tourmaline are the most 
abundant heavy minerals, again reflecting the high acid igneous 
and metamorphic contribution.
B) GALA GROUP
Hazelbank Formation
The Hazelbank Formation is again a ’basic-clast’ unit, 
comparable to the Falahill Formation but contrasting
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significantly in the lack of blue amphiboles and poverty in 
garnet, and in having a relatively high content of silicic and 
sedimentary fragments.
F m m ta iD b a ll-^ iiim ti& n
The Fountainhall Formation is an ’intermediate’ unit in 
terms of Walton (1955), having abundant acid igneous fragments, a 
significant proportion of basic igneous fragments, and a high 
content of quartz (derived dominantly from acid igneous source) 
and feldspar (from the acid and basic igneous sources). This 
formation is non-garnetiferous and is compositionally 
intermediate between the ’highly siliceous’ and ’highly basic’ 
formations (Fig. 3.3a; 3.6).
Buckholm Formation
This formation is again quartzose, garnetiferous, rich in
acid igneous and metamorphic rock fragments and depleted in 41feldspar and basic igneous clasts. It contrasts with the Heriot |
IFormation in its relatively high epidote, apatite and zircon ;i
content, :|
C) HAWICK GROUP
Selkirk Formation
The Selkirk Formation is a ’silicic’ formation (cf. Cook
38
1976), especially abundant in quartz, acid igneous and 
metamorphic fragments (Fig. 3.3a; 3.6). Feldspar occurs in
subordinate amounts. These greywackes are characteristically 
very fine grained, thinly bedded and flaggy with a matrix 
dominated by authigenic carbonates. Certain coarser beds are 
garnetiferous and poorer in carbonates. The dominant heavy 
minerals are epidote, chrome spinel, apatite and tourmaline, 
again suggesting derivation from a granite-injected metamorphic 
terrain. The presence of chrome spinel presumably points to 
recycling of the ’basic-clast’ greywackes.
39
4. AGE AND CORRELATION
4.1 ORDOVICIAN SUCCESSION
4.1.1 Falahill Formation
Graptolite species recorded by Peach & Horne (1899) from a 
road-side section lying on the strike of the Falahill Formation, 
on the Middleton-Innerleithen road (B7007) at Wull Muir (NT 
347 533), include Dl.plograp.t.us foliaceous (Murchison),
'LaaâjjgiLapJbiia' (lieiirjognaBius) margari..ta_tus (Lapworth) and 
Jaioell-Ograptus sp. On the basis of these determinations an
Arenig age was assigned to cherts. Associated mudstones and 
black shales were attributed to the Glenkiln, and greywackes to 
the Hartfell. Walton (1961) considered that the cherts are 
interbedded with the argillaceous rocks, and proposed a Glenkiln 
age for the whole chert-raudstone sequence, though without the
backing of fossil evidence. Subsequently Amplexoaraptus
perexcavatus (Lapworth) and Dj,_or.anQgr_aPtus_ ,nl chol. so ni (Hopkinson) 
were reported (Walton & Weir 1974) from the black shales.
Though these determinations have been disputed in detail (I. 
Strachan, oers. comm, to J.A. Weir), a high Ordovician age is 
still supported. No fossiliferous black shales were found in 
association with the greywackes of the Falahill Formation. It is 
correlated with the Fortpatrick Basic-clast ’Division’ of Kelling 
(1961) and the Soar Formation of Floyd (1975), on the basis of 
petrological characteristics ;,(Fig. 3.4a; Chapter 3) ..and
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strike-wise continuity. A Caradoc age has been assigned to the 
Soar Formation on the basis of occurrence of graptolites of the 
Dicranograntus. . clingani Zone near the base of the Scar 
Formation. A Caradoc age is thus valid both for the Falahill and 
for the Portpatrick Basic-clast ’Division'.
4.1.2 Heriot Formation
The following graptolites were recorded (Peach & Horne 
1899), from a locality (Locality 1; Fig. 2.2; Chapter 2) about 
240 metres south of Corsehope Burn, about 2 km S of Heriot 
Station, on the west side of the Gala Water which falls within 
the outcrop of the Heriot Formation.
Diplograptus foliaceous (Murchison)
Cryptograptus trlcornis (Carruthers)
Dicellograptus sextans (Hall)
'DiplograPtus' (Glyp.togr.ap_tus) ejiglyphus (Lapworth) 
'Cllmacoeraptus' (Pseudoclimacoaraptus) scharenbergi (Lapworth) 
cf. bicornis (Hall)
An Arenig age was again proposed for these shales. However, 
’Dlplograptus foliaceous’ sensu Peach & Horne is effectively a 
’basket name’ for every large diplograptid; D. sextans and C. 
bicornis are typically Glenkiln species, whilst Cl. soharenbergi 
appears later and ranges well into the Lower Hartfell, D. 
euglvphus is not a reliable identification, diplograptids being 
notoriously difficult to identify unless preserved with the
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proximal ends intact. The above evidence suggests a Caradoc 
age. On the basis of petrological characteristics (Fig. 3.4a; 
Chapter 3) and continuity of strike the formation is correlated 
with the Shinnel Formation of Floyd (1975), the Portpatrick 
Aoid-Clast 'Division' of Kelling (1961) and the Boreland 
Formation of Welsh (1964). Of these, a Caradoc age has been 
assigned to the Shinnel Formation of Floyd (1975), again on the 
basis of fossils recorded by Peach & Horne (1899), which range 
from the Nema^ rap.tus.. uracilis to the Dioranoeraotus clingani 
Zones. The Portpatrick 'Acid-Clast' Division has likewise been 
assigned an Upper Glenkiln-Lower Hartfell age, on the basis of 
graptolites recovered from shales interbedded with greywackes of 
its basal levels (Kelling 1961).
It has also been suggested (Kelling 1961) that in view of 
its great thickness, the uppermost part of the unit in the Rhinns 
may extend into the Silurian. In the present area, however, the 
width of the outcrop alone does not suggest an abnormal 
thickness, and there is no evidence to suggest that other than 
Lower Hartfell equivalents are included.
4.2 GALA GROUP
4,2.1 Hazelbank Formation
Peach & Horne (1899) recorded £lijaacugrap.tua.,_._ normal.l.s. 
Lapworth, Monoæraptus attenuatus Hopkinson and Monoaraptus tenuis 
(Portlock) from a locality about a mile upstream from the 
junction of the Ladyside Burn (Fig. 2.2; Locality 2; Chapter 2)
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with the Heriot Water, within the outcrop of the Politic Member 
of the Hazelbank Formation. Proximal portions of either 
Monograptus or Dimorphograptus were also recorded. These fossils 
suggest the jQmmiûgmpimS—SypbJiS. Zone (Middle Llandovery age).
Climacograptus normalis Lapworth, Mplograptus sp. and 
unattributable siculae were recovered (Peach & Horne 1899) from 
bluish flaky shales interbedded with thick greywacke beds in 
Hazelbank Quarry (Locality 3; Fig.. 2.2; Chapter 2), close to the 
base of the Sandy Member of the Hazelbank Formation. This 
assemblage suggests the Zone (basal
Llandovery), and that the formation as represented in the area 
ranges from this level to at least the Coronograptus cvphus Zone 
(Middle Llandovery).
The Hazelbank Formation is correlated with the Pyroxenous 
Group of Walton (1955) on the basis of petrological characters 
(Fig. 3.4b; Chapter 3), and the lower contact of the Hazelbank 
Formation with the Fountainhall Formation can be matched with the 
contact of the Pyroxenous Group and the Intermediate Group of 
Walton (1955) in the Peeblesshire area.
4.2.2 Fountainhall Formation
The following graptolites were obtained by the author from 
an outcrop of Upper Birkhill Shales exposed in the high reaches 
of Calfhope Burn (identifications by Dr. I. Strachan).
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PiversQgraptus runcinatus (Lapworth)
■Monograptus oapls Hutt 1975
M. of. exigu.ua (Nicholson) or cf. .crisp.us, Lapworth 
M. of sedgwickii (Portlock) (-spinigerus of Peach & Horne) |
IPrls_tiograp_tus   audus (Lapworth) (? = M.___ . temiia (Portlock) of |
■IPeach & Horne 1899) |
At least two different Monograptus of spiralis type (subgenus |ISpirograptus Guerich). I■'!iThe above fauna suggests the sedgwickii or maximus Zones, |
though rastritids are lacking (found in the comparable succession Î
■1
of the Ewes Water by Peach & Horne 1899). The following species
were recorded (Peach & Horne 1899) from the blue sandy shale and
flags in Ewes Water, from a point where the Ewes Water take a
bend to the SW, about half a mile south of Trously (Fig. 2,2,
Chapter 2):
MonograPt-US- -spinigerus (Nicholson) (? cf. sMgHlfiMi (Portlock) 
iLu of. atjb_enua_t_us Hopkinson 
of. XoMfejrus. (McCoy)
'M. ' ( Lagarograptus ) cf. Jtamls (Portlock)
Rastrites sp.
Climacograptus normalis Lapworth
Peach & Horne found Climacograptus normalis in Sit Burn and 
'Lugate' elsewhere (exact localities not mentioned). About 800 m 
up the Lugate Water from the junction with the Sit Burn in a 
section (Locality 4; Fig. 2.2; Chapter 2) they found suites of
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fossils (details not given) indicating the Coronograptus 
gCÊgâUlLlâ Zone. From a locality (Locality 5; Fig. 2.2; 
Chapter 2) about 32 metres below the forkings of Sit Burn and 
Lugate Water in gray sandy and platy shales Peach & Horne (1899) 
recorded the following fauna:
\Monognaplus' (Coronograptus) gregarius Lapworth 
Mi- of. attenuatus (Hopkinson)
Mi- (Demirastrites) of. triangulatus (Harkness)
'Mi-' (Priatiograptus) cf. conoinnus Lapworth 
Mi. of. Jjpbi£gnus (McCoy)
(Dlyptograptus ) tamaris eus (Nicholson) 
Petalograptus palmeus (Barrande)
Rastrites peregrinus Barrande 
Discinocaris browniana Woodward 
Peltocaris aptvchoides Salter
About 100 metres up from the junction of Lugate Water with 
the Ewes Water (Locality 6; Fig. 2.2; Chapter 2) on the west bank 
Peach & Horne (1899) found 'MonograPtus spinigerus'. Mi. of. 
attenuatus and Mi_ of. teiiul-S.
The above evidences suggests that faunas found in the black 
shales of Calfhope Burn and Ewes Water are comparable, i.e. they 
belong to the .se_dgwl_ckil or maximis. Zones of the Llandovery, 
whilst the faunas found in Sit Burn and Lugate Water (Peach & 
Horne 1899) indicate the C. gregarius Zone. Further north, in
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Still Burn, Lapworth (1870) has recognized graptolites of 
Papakidograp_tus. acuminatus Zone (Peach & Horne 1899; details not 
given).
The above evidence indicates that black shales exposed in 
Calfhope Burn, Lugate Water, Sit Burn and Still Burn are of 
different ages, suggesting that although the lithology and 
petrology of the greywackes remains the same, the formation can 
be subdivided into at least three 'blocks' bounded by major 
thrusts, the blocks being successively younger to the SE.
The formation lies on the strike of the Intermediate Group 
of Walton (1955) in Peeblesshire, has comparable petrological
characteristics, and can be correlated (Fig. 3.4b; Chapter 3).
!
4.2.3 Buckholm Formation
Peach & Horne (1899) have obtained the following species 
from the Tweed Valley, Long Phillips Burn (NW of Selkirk), 
Buckholm Hill, Clovenfords, Caddonfoot, Caddonlee, Thornylee and 
the basin of Caddon Water, all within the outcrop of the Buckholm 
Formation (Fig. 2.2, Chapter 2):
MonograPtus turriculatus (Barrande)
M. cf. exiguus Nicholson 
Mu of. crlsP-Us Lapworth
M. cf, priodon (Bronn)
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M. cf. oonvolutus (Hisinger)
'M_' (DlsîsrssgCSSMs) cf. jriunMnatus Lapworth 
M_ cf. communis Lapworth
'M_ cf. aWJllS&CMa (Nicholson)' (?sodgwlckll or cf.
(Portlock)
Myrianites sp.
Grossopo.dia sp.
In Thornylee [NS 401 3693 a specimen of Protovirgularia was 
obtained (identified by Dr. I. Strachan). These faunas suggest 
that the rocks of the Buckholm Formation are of Tarannon (Upper 
Llandovery) age (turriculatus to crispus Zones).
The formation lies on the strike of the Garnetiferous Group 
of Walton (1955), has comparable petrological characteristics 
(Fig. 3.4b; Chapter 3) and is correlated. Peach & Horne (1899) 
have recorded comparable faunas in the high reaches of the Caddon 
Water, near Caddonhead [NS 401 411] and second 'Deaf Heights' [NS 
385 445]. Near the farmhouse of Caddonhead about 4 miles NW of
Clovenfords certain grey shales have furnished MonograPtus 
exiguus (Nicholson), 1L_ cf. apinigerus and fejialograptus foljLum. 
(Toernquist) (Peach & Horne 1899).
Two localities near the head waters of Caddon immediately to 
the south of Deaf Heights [NS 305 445], one a scar on the north 
bank of the burn (exact locality not mentioned) shows drab 
coloured shales with dark or blue-black seams, and the other an 
exposure of grey and yellow shales a short distance west of the
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above locality (exact locality not mentioned) yielded Monosraptus 
exiguus (Nicholson) and Mu of. pandus Lapworth; the second 
yielded MonograPtus.iuirrlcula.tu_s_ (Barrande), Mu spixalLls Geinitz, 
Myrianites and Crossopodia in addition. Still farther west, M^  ^
cf. exiguus (Nicholson), M_ of. ponvolutus (Hisinger) and Mu 
cf. communis Lapworth have been obtained by Peach & Horne (1899) 
from grey sandy shales.
It is of significance to the facies interpretation (Chapter 
5) to note that although the petrological characteristics of 
greywackes across the Caddon Water vary laterally, their faunas 
show no significant variation.
4.3 HAWICK GROUP
No fossils have been reported from the Selkirk Formation. 
Its petrological characteristics (Fig. 3.4b; Chapter 3), 
especially the profusion of carbonate matrix and thin bedded and 
flaggy nature and geographic position are comparable to the 
Hawick Rocks (most probably with the Carghidown Formation of Rust 
(1965) into which the Selkirk Formation continues. The age of 
the Hawick Rocks remains controversial, estimates ranging between 
high Llandovery and Wenlock (Clarkson, Craig and Walton 1975).
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5.
This chapter discusses the criteria used for the 
interpretation of the sedimentary facies and facies associations, 
and some examples of depositional cycles within the area. As the 
area is very poorly exposed and exposures are very restricted and 
laterally discontinuous, interpretation is necessarily limited 
and tentative.
5.1 REGIONAL FACIES ANALYSIS
The area has been subdivided into zones of contrasting 
facies associations (Fig. 5.1, 5.2). Sedimentary structures and 
details of Bouma sequences (Bouma 1962) allowed recognition of 
the A1, Cl, C2 and D1 facies of Mutti & Ricci-Lucchi (1975). 
Brief details of each facies are given below:
Facies A1 : thick, massive, chaotic and disorganized conglomerates 
with profusion of rip-up clasts.
Facies Cl; thick (40 cm -5m), massive or poorly graded, Tae 
and/or Ta(?bc)e sequences.
Facies C2: medium thick (10 cm - 1^0 cm), well graded Tabcde,
Tbcde, Tcde, Tacde sequences.
Facies D1: thin bedded (mostly >10 cm), Tcde, Tde and/or T?bcde
sequences.
The distribution of various facies was plotted on the map 
and boundaries between the most contrasting facies associations
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assessed (Fig. 5.2) by visual discrimination. The zones are not 
sharply bounded, and gradational zones of overlap are indicated.
Histograms of the proportion of facies in each zone (Fig.
5.1) show strongly contrasting facies associations. These 
contrasts reflect progressive changes in depositional environment 
through the succession. The dominant younging direction is 
northwestwards; minor folding and faulting within each block is 
considered not to be so intense as to influence the distribution 
of second order cycles ('megasequences': Ricci-Lucchi 1975a) and
have accordingly been ignored. Detailed characteristics of the 
zones are as follows:
5.1.1 Zone 1 (includes the Falahill and Heriot Formations)
a) Bouma sequences
The rocks of this zone consist mainly of very thick (up to 
several metres) Tae and Ta(?bc)e sequences which are mostly 
poorly graded, but generally well graded towards the top of the 
succession. The sequences are commonly amalgamated, and 
localized horizons of very coarse texture can be observed. Tcde, 
Tde sequences are also present and may attain thicknesses of 
several metres. In some localities e.g. [NS 403 534] and [NS 
395 526], thick bedded (Tae) sequences are followed by medium
thick and thin Tcde and Tde sequences which suggest fining 
upwards cycles on a minor scale (< 7 m thick: Ricci-Lucchi
1975a).
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Conglomerates (Facies AI)
This facies occurs at two distinct levels, each attaining a 
thickness approaching 500 m, and consists of massive, obscurely 
bedded conglomerates having a profusion of rip-up clasts which 
locally attain a length of several cm. These rip-up clasts are 
aligned roughly parallel to the bedding, and thus to the bedding
b) Sole markings |1
IOnly a few longitudinal ridges and flute marks of parabolic 4i(narrow) type were observed. iI
c) Channels |
,t
■iThick bedding (40 cm to 4 m), the occasional occurrence of |
1lenticular bedding, very coarse grain size (0.5-2 mm), the common ,4Ioccurrence of amalgamated units and profusion of mud clasts in 4
Ithick Tae sequences suggest that the sandstones represent channel
fill deposits. The lateral discontinuity of exposure does not |
allow observation of the detailed geometry of the sequences. |
. j
d) Facies Association |
Facies Cl (thick and massive Tae Bouma sequences) is the 
most abundant (70%) (Fig. 5.1), suggesting a channelized mid-fan "|
Ifacies association. i
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of the conglomerates. Uneven sandy horizons reaching up to 1 ra 
in thickness occur locally. The nature of their contact with the 
conglomerate was not determined. No cross lamination or current 
ripples were observed. These conglomerates are formed by mass
deposition of extremely concentrated dispersions (Mutti & 
Ricci-Lucchi 1975) and represent inner-fan association.
5.1.2 Zone 2 (includes upper part of Hazelbank Formation)
a) Bouma sequences
In this zone thin 'base out out' Tcde and Tde sequences 
dominate, with a subordinate proportion of medium-thick (5-40 cm) 
Tabcde sequences. Thick (>40 cm) and amalgamated Tae sequences 
are the least abundant in this zone.
b) Sole marks
Sole marks are very rare. In some instances, thick Tae 
sequences gradually turn to thin Tcde and Tde units, suggesting 
fining-upward cycles on a minor scale (a few metres thick; 
Ricci-Lucchi 1975a).
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c) Facies association
In this zone, facies D1 (thin Tcde, Tde sequences) is the
most abundant, being found in up to 60% of exposures. Facies C2
(medium thick, well graded Tabcde sequences) is subordinate and 
Cl least abundant (Fig. 5.1). This association suggests 
outer-fan and fan fringe deposits. The columnar profile of the
locality [NS 419 543] (Fig. 5.3) gives an instance of an
association of this type.
5.1.3 Zone 3 (includes lower part of Hazelbank Formation)
The rocks of this zone consists of very thick (up to several 
metres) Tae, Ta(?bc)e sequences which are commonly amalgamated. 
The sequences are poorly graded, lenticular and very coarse 
grained with a profusion of rip-up clasts. Certain sequences 
show reverse grading near the base and normal grading near the 
top (Cl of Mutti and Ricci-Lucchi 1975). Some sequences (up to 
20%) are relatively thin and well graded Tabce, Tabcde or Tacde 
units, representing the 'classic* turbidites (C2 of Mutti and 
Ricci-Lucchi 1975). These thick bedded and massive sequences 
represent a channelized mid-fan facies association. Occasional 
(up to 12%) packets of thin Tcde and Tde sequences, ranging 
between 40 cm and 2 ra in thickness, are present within the thick 
Tae sequences, and probably represent overbank deposits.
1
Tde
Tc
Tab
Ui(OocJïTÜ!cF—
Fi#. 5,3: Columnar profile of a locality 
(NS 419 543) in Zone 2.
10
Q
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b) Sole marks
Groove casts and longitudinal ridges are commonly present 
and bounce, brush and prod marks also occur. Load structures, 
associated flame structures and convolute lamination are also 
developed locally.
c) Facies associations
Up to 68% of the exposures (Fig. 5.1) in this zone are Cl 
(channelized Tae sequences), whilst 02 (’classic’ Tabcde) facies 
are subordinate and D1 (thin Tcde and Tde) facies are the least 
abundant, suggesting a channelized mid-fan facies association.
5.1.4 Zone 4 (includes Fountainhall Formation and upper part of 
Buckholm Formation)
a) Bouma sequences
This zone represents a mixture of thick Tae (up to 50%) and 
thin Tcde and Tde (up to 42%) sequences. Thick sequences are 
poorly graded and locally display amalgamation, and are dispersed 
through the thin Tcde and Tde sequences which locally form 
successions up to several metres thick. Ta-e sequences of 
intermediate thickness (5 cm to 40 cm) are rare. The zone is 
highly disturbed by faulting and tight folding and displays a 
mixture of both thick (>40 cm) Tae, and thin (<10 cm) Tcde, Tde
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sequences, the relationship of which are largely obscured by the 
structural complexity.
b) Sole marks
Longitudinal ridges ranging between a few cm and 3 cm wide 
are common. Occasional very fine lineations can been seen on the 
upper surfaces of the pelitic units. Groove and flute marks also 
occur.
c) Facies association
In this zone a mixture of Cl and D2 facies are present (Fig.
5.1), and although it can be deduced that these facies indicate 
environments varying between mid-fan and ocean floor, any
depositional trend is obscured by the prevalence of faulting and
tight folding.
Massive conglomerate (A1) similar to one described in
Section 5.1.1 are again exposed on top of the zone.
5.1.5 Zone 5 (includes remainder of the Buckholm Formation)
a) Bouma sequences
This zone is characterised by very thick Tae sequences which 
may attain several metres in thickness with only a few
millimetres of ’e’ unit. Bouma c and d-units are generally
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poorly developed, in some instances well developed ripples 
(wavelength a few cm - 10 cm; Plate 5.4) being visible on exposed 
top surfaces. Many are amalgamated ’top-cut-out’ units. 
Lenticles of very coarse grained texture and ripped up mud clasts 
are common. In Buckholm Hill for instance, the sequences are 
exceptionally coarse grained and thick (Gala Grits of Lapworth & 
Wilson 1870a). Apart from the thick sequences which are 
ubiquitous, packets of dominantly thin pelitic Tcde and Tde 
sequences (up to 23%), locally reaching thicknesses of several 
metres, are also present. Such pelitic sequences are typified by 
mottled lamination, trace fossils and occasional fine upper 
surface current lineation. The medium thick Tabcde, Tacde 
sequences are only locally present.
b) Sole marks
■ Longitudinal ridges (Plate 5.2) are commonly present, whilst 
grooves and flute marks are subordinate. Other irregular sole 
marks (Plate 5.3) are also on record. Other sedimentary 
structures include load structures and their associated flame 
structures, convolute lamination, and occasional calcareous 
nodules. In one locality near Caddonlee [NS 449 356] calcareous 
nodules are present in a very coarse grained matrix rich in 
rip-up clasts. Intra-bed groove marks are also present in one 
locality [NS 399 371], revealed by an internal parting of a thick 
Ta(?bc)e sequence, a few cm above the sole of the bed, showing 
comparable trends of current direction to the sole marks. Such 
structures have been reported elsewhere (Hubert et al. 1966;
Plate 5.1: Linguiform shaped flute moulds in Selkirk Formation.
Plate 5.2: Closely spaced longitudinal ridge moulds in /uckholm 
Formation.
Plate 5.3: Irregular sole marks close to scaly-pattern flute moulds 
in Buckholm Formation.
Plate 5.4: Current ripples in Buckholm Formation,
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Dzulynski and Radomski 1955). It seems likely that such beds 
represent pulses of deposition from a single turbidity current 
influx.
The (Tae) units are very thickly bedded and locally 
lenticular, and very coarse grained with abundant rip-up mud 
clasts. These features again suggest channelized fan deposits.
c) Facies association
This zone again displays the Cl facies (Mutti & Ricci-Lucchi 
1975) in up to 15% of the observed localities, suggesting a 
channelized mid-fan association. Successions of the D1 facies 
interspersed among the thick Cl successions suggest channel 
migration and the occasional introduction of interchannel 
deposits.
5.1.6 Zone 6 (includes mostly Selkirk Formation)
In this zone thin Tcde, Tde, and thick Tae sequences are 
equally abundant. Medium thick (5 cm - 40 cm) Ta-e sequences also 
occur and though subordinate, attain their greatest frequency in 
this zone. Thick Tae sequences rarely show amalgamation and are 
mostly medium to fine grained. Channels are rarely discernible 
and are shallow (less than 1.5 m deep). The southern and 
sequentially lower part of the zone tends to be richer in thick 
Tae sequences than the northern part.
..A
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b) Sole Marks
Thick sequences commonly display longitudinal ridges and 
sporadic flute marks (Plate 5.1). The politic sequence sometimes 
shows upper-surface longitudinal ridge marks. In some localities 
thick bedded Tae sequences are followed by medium thick Ta-e, and 
thin Tcde and Tde sequences which suggests fining-upwards cycles 
on a minor scale (a few metres thick).
c) Facies association
In this zone Cl and D1 facies are almost equally abundant. 
C2, although subordinate, reaches its maximum development in this 
zone. The Cl facies is more typical of the southern part and D1 
the northern part of the zone, suggesting an overall 
retrogression of the fan from a mid-fan to an outer-fan (fringe) 
environment.
5.2 DËPOSITIONAL CYCLES
Individual Bouma sequences were measured in some of the best 
exposed localities of the area to evaluate the trend of 
second-order 'megasequences* (Ricci-Lucchi 1975a; Walker 1967; 
Figs. 5.4-5.8). A proxiraality index (Walker 1967) was 
calculated for the succession at each locality (Table 5.1). No 
definable trend could be discerned.
The combined columnar profile and bed thickness variation
Table 5,1; Proxiiuallty index of measured localities
S/No Locality and Formation
Or Bef A c P
No % No %
1 7~Buckholm 442 462 74 65 39 55 65
2 46-Buckholm , 454 411 84 89 10 11 89
5 59~Buckholffl 461 415 0 0 21 100 0
4 40~BuclckoljQ 461 415 16 70 07 30 70
5 22-Buclcholm 449 417 14 100 0 0 100
6 34-Buckliolin 449 434 22 51 21 49 51
7 03-neriot 450 408 28 95 02 07 93
8 81-Hazelbonk 419 543 36 46 43 54 46
9 83-Hagelbank 424 510 17 88 02 12 88
1.0 02-Hazelbank 424 506 30 94 02 6 94
n  . 88-Hazolbank 426 506 117 93 13 7 93
iz 86-Hazelbank 426 505 84 90 09 10 90
13 89-Hazalbank 426 505 99 94 03 06 94
Iff 84-Hazelbank 407 904 50 91 03 09 91
15 90-Hagelbank 429 501 75 96 03 04 96
16 
1 XÎ
08-I'’ount ainii al 1 435 495 14 82 03 18 82
09-Fountainhall 436 494 07 100 0 0 100
A B sequences storting from Bouma unit-a
0 » sequences starting from 13o\uua unlt-o
P « Proximality index (ABC index) « ^ x 100
A + C
(after Walker 1957)
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diagram of the Hazelbank quarry (Fig. 5.4) shows that thick and 
massive channelized sequences dominate, with a proximality index 
of 91.5% (Walker 1967). The diagram demonstrates that influxes 
of higher concentration mass depositions were followed by 
relatively lower density dispersions (Mutti & Ricci-Lucchi 
1975). Five major cycles (Ricci-Lucchi 1975a) are exposed, and 
show neither positive (fining upwards) nor negative (coarsening 
upwards) trends. Likewise the thickness diagrams of the other 
localities (Figs. 5.5-5.8) also show comparable characters. 
Several example of similar cycles occur in the Apennines 
(Ricci-Lucchi 1975a) in which the trend is ambiguous. The cycles 
in the Apennines are also of comparable order of thickness 
(range; 6 m - 62 m) with those in the Gala area (range: 10 m -
nearly 60m). The profile of the locality [NS 419 543], taken as 
representative of Zone 2 (Fig. 5.3; Section 5.1.2) shows 
traction current and fallout deposits, characteristic either of 
basin plain or outer fan (fringe) association (Ricci-Lucchi 
1975a).
5.3 CONCLUSIONS
The area display facies associations ranging from inner fan 
(Facies Al, Zone 2 and 4) to outer fan (fringe) and basin plain 
environments (Facies D1, Zone 2, 4 and 6; Fig. 5.1).
In Zone 1, a channelized facies (Cl) appears to persist 
throughout the zone. Zones 2 and 3 together display a 
retrogression from a mid-fan facies dominated by Cl in Zone 3, to
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an outer-fan type in zone 2, in which the D1 facies prevails. 
Chaotic conglomerates of facies Al at the top of Zone 2, having a 
source area comparable to the lower successions of Zone 2 and 3, 
suggest that the first, retrogressive cycle was followed by a 
rapid progression of the fan. These isolated exposures of 
chaotic, massive conglomerates, devoid of external contacts, 
provide the only evidence for rapid progression. Zone 4 displays 
a mixture of the Cl and D1 facies, suggesting a range of mid-fan 
to basin-floor associations, with no clearly discernible trend. 
Again the thick, chaotic and massive conglomerate of comparable 
composition and source area terminate Zone 4, suggesting another 
rapid progression.
In zone 5, facies Cl is distributed almost uniformly, with 
the intervening packets of D1 representing the inter-channel 
deposits, the whole constituting a channelized mid-fan 
association. Again no depositional trend is evident.
It has been concluded (Chapter 2 & 3) that overlapping
turbidite fans were active during the deposition of Zone 5, being 
borne out by the change in the petrological characters of the 
greywackes across the Caddon Water, and the complex 
interdigitation of the contrasting facies along the Caddon Water 
(Fig. 2.1). Notwithstanding the petrographical contrast, the 
facies (Fig. 5.2) are closely comparable channelized mid-fan 
associations.
In Zone 6, facies Cl, D1 and C2 are almost equally abundant.
60
Channels occur only sporadically, and are shallower. The Cl 
facies tends to decrease northwards and upwards, being replaced 
by the inter-channel D1 facies. The occurrence of ’classic’ 
turbidites (C2), though in subordinate amount, partly suggests a 
proportion of relatively sluggish flows which show traction and 
fall-out deposits (Mutti & Ricci-Lucchi 1975). These suggest 
that the zone represent a relatively slow retrogression from a 
lower mid-fan to outer-fan (fringe) position.
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6. PALAEOCURRENTS AND PROVENANCE
6.1 PALABOCURRENT ANALYSIS
To analyse the palaeoourrents three categories of 
sedimentary structure were considered: sole marks (longitudinal
ridges, groove marks, flute marks, bounce and brush marks), cross 
lamination and current ripples. Sole marks and current ripples 
were examined in the field by measuring the angle of pitch and 
noting whether the angle opens clockwise or anticlockwise 
relative to the strike, and the sense of direction of flow if 
possible. Only one reading was taken for each exposed sole with 
bottom structures unless two or more intersecting sets were 
found. In the case of cross lamination, orientated samples were 
taken and cut perpendicularly across and along the strike to 
ascertain the dip direction of the foreset laminae, the observed 
directions being marked and the azimuths measured. In order to 
bring the measured current directions into their original 
positions, the measured trends were rotated about the strike to 
horizontality. No correction for plunge was applied, partly 
because plunges are rarely observable directly, and partly since 
observed and deduced plunges are very low and the modal plunge 
horizontal. The regional orientation of the current structures 
may also have been affected by fault drag, especially in the 
vicinity of wrench faults. It should be noted that the method 
used is preferentially applicable to concentric folding, and 
errors may be introduced by its application to similar folds 
(of. Ramsay I960, 1961). As the axial thickening ratio is low
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in the present area, an essentially concentric fold style is
assumed, and the error introduced is considered to be acceptably
/
small.
Accepting these limitations, it is evident that the current 
directions show convincing preferred orientations (Fig. 6.1). 
Erosional structures have a modal KE-SW trend, parallel to the 
regional strike, whilst depositional structures indicate a NIV-SE 
palaeocurrent flow, with a lesser number showing a NE-SW trend. 
This divergence of directions is evident even within single 
bedding planes, in which groove casts may diverge by up to 40°, 
or in one example, by as much as 90°, Two bedding planes exposed 
in Hazelbank Quarry show grooves cutting minute longitudinal 
ridges, dragging the ridges round through angles of 90° (cf. 
Craig & Walton 1962). These divergences are clearly primary and 
are in themselves responsible for the wide spread of 
palaeocurrent azimuths, apart from those which may have been 
superimposed subsequently by tectonism. The divergent flow 
pattern may also be related to successions of currents generated 
within overlapping turbidite fans, or to the overlap of axial and 
lateral currents. The proposal of overlapping fans is also 
supported by the interdigitation of the contrasting greywackes of 
the Buckholm and Fountainhall Formations in Caddon Water 
(Chapters 2, 3 and 4). The dominance of ’strike-parallel’
palaeocurrent trends denotes a corresponding dominance of flow 
parallel to the trench axis. Variability of the palaeocurrent 
directions may correspond to the localized irregularities within 
the submarine fan system. Although the number of current ripple
0 10 20
0 2 4
C Z ]  Sole m arks
C ross-lam ination  
C urrent ripples
' 6.1: Palaeocurrent pattern of the whole area.
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readings (18) and cross-lamination readings (28) available for
examination is significantly lower than the data set for sole\
markings, their inferred palaeocurrent trend is from NW to SE. 
This difference between erosional and depositional directions is 
comparable with that observed in the Hawick Rocks of SE 
Wigtownshire (Rust 1965b), the coast west of Gatehouse, 
Kirkcudbrightshire (Weir 197^a), and the Riccarton Beds and 
Hawick Rocks in Kirkcudbrightshire (Craig & Walton 1952), 
supporting Rust's postulation of longitudinal scour allied to 
transverse depositional currents.
The dominance of a NE-SW palaeocurrent trend is consistent 
through much of the Silurian succession (Figs. 6.2, 6.3), though 
the restricted data available from the Hazelbank Formation (Fig. 
6.2a) suggest that there may be minor divergences both in the 
erosional and in the depositional structures.
Palaeocurrent data for the Ordovician succession of the two 
very poorly exposed blocks in the Gala area are restricted to 
only three readings, from the Heriot Formation only. One reading 
for cross-lamination shows a SSE palaeocurrent flow, whilst the 
two available readings of longitudinal ridge marks give a current 
flow from SW to NE. This direction is effectively opposite to 
the dominant vector for the Silurian succession (from NE to SW).
6.2 PROVENANCE
A plot of mean percentages of commonly occurring minerals
(a) Hazelbank formation
(b) Fountainha.il Formation
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Fig, 6,2: Palaeocurrent pattern in the Hazelbank and 
Fountainhall Formations.
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Fig. 6.5i Palaeocurrent pattern in the Buckholm and Selkirk 
Formations. Dominance of longitudinal transport against strong 
provinance contrasts indicates re-distribution following 
primarily transverse input.
I
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and rock fragments from each formation (Fig. 6.4, next page) 
reveals that the distributions of quartz, acid igneous and i 
metamorphic fragments are comparable in the Heriot, Fountainhall, 
Buckholm and Selkirk Formations. Quartz content increases with 
the increase in acid and metamorphic clasts, apart from a minor 
deficit of acid igneous clasts in the Buckholm Formation. This 
compatibility of relationships suggest that quartz clasts have 
been derived both from igneous and from metamorphic sources 
throughout the depositional history of the sequence. The 
dominance of the irregular and globular inclusions over the 
regular and acicular inclusions is probably related to the 
dominance of igneous quartz over the metamorphic quartz (Keller & 
Littlefield 1950).
The basic igneous fragments and ferromagnesian minerals are 
distributed inversely to the quartz, acid igneous and metamorphic 
fragments. Feldspars also show a crude inverse relation to 
silicic fragments. This suggests that feldspars have been 
derived both from acid and basic sources, being more abundant 
when the material is derived mainly from a basic source area. 
Sedimentary rock fragments are present throughout the succession 
in subordinate amounts and are essentially of intra-basinal 
origin (greywackes, shales, siltstones and cherts). Sporadic 
arkosic clasts occur in the Hazelbank, Fountainhall and Buckholm 
Formations.
6.2.1 ORDOVICIAN SUCCESSION
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At the time when the Falahill Formation was being deposited 
the source area was dominated by basic volcanic rocks with 
subordinate contributions from acid igneous and metamorphic 
sources. Garnet, glaucophane and chrome spinel are dominant 
among the heavy minerals, Glaucophane is restricted to the 
Falahill Formation, also being reported in the Scar Formation of 
West Nithsdale (Floyd 1975). Glaucophane is a characteristic 
mineral of high T&P metamorphic belts which are believed to mark 
the site of convergent lithospheric plate boundaries and are 
considered (Ernst 1975) as indicators of subduction zone 
complexes. The coexistence of mafic and ultramafic fragments, 
e.g. serpentinite, dolerite/gabbro and chrome spinel in
association with glaucophane, supports the idea of the presence 
of a subduction zone complex in the source area. The 
characteristics of the pyroxenes (Fig.8.9; Chapter 8) show that 
they have most probably been derived from the andésites of a 
volcanic arc. Although metamorphic rock fragments in the 
Falahill Formation are greatly subordinate to basic igneous
clasts, garnet is more abundant than in any other formation. The
source of metamorphic fragments (quartzite, mica-schist and
foliated granite) was probably a Dalradian basement, and the
acidic igneous contribution is probably from the two phases of
granitic plutonism (560 Ma and 470 Ma; see below under Source
area, p. 70) of the Midland Valley basement (Longman & Bluck
1979).
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In the Heriot Formation the main source switched to acid 
igneous and metamorphic terrains, though a basic igneous source 
continued to provide minor amounts of material. The heavy 
mineral content is now dominated by apatite and tourmaline. 
Glaucophane disappears, though garnet remains prominent,
emphasizing the elimination of the blueschist source and the 
increasing significance of the regional metamorphic, 
inferentially a Dalradian-like source. Sedimentary detritus now 
appears in significant quantity, and is largely of intra-basinal 
origin (greywacke, shale, chert).
6.2.2 GALA GROUP
Hazel bank. Formation
A basic igneous terrain now becomes the dominating source 
area for the Hazelbank Formation, material derived from acid 
igneous and metamorphic terrains now being subordinate. Epidote 
and chrome spinel join apatite as the commonest heavy minerals. 
In contrast to the Heriot Formation, garnet is scarce, reflecting 
the essential contrast with the acid igneous and metamorphic 
dominance in the Heriot Formation.
FountainhalL Formation
I n  th e  F o u n ta in h a l l  F o rm a tio n  th e  a c id  ig n e o u s  source  a g a in
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resumes prominence, whilst the basic igneous source, though 
reduced proportionately, retains significance. Metamorphic 
fragments also increase, though less so than the acid igneous. A 
slight increase in apatite at the expense of chrome spinel by 
comparison with the Hazelbank Formation is taken to reflect the 
dominance of the igneous over the metamorphic terrain. Arkose 
fragments now appear, in addition to the normal intra-basinal 
sedimentary assemblage, implying the emergence of an extraneous 
sedimentary source. A source to consider is the Torridonian 
Series; though the northwestward location would fit, a 
considerable transport distance would be implied. Comparable 
arkoses also occur within the Highland Border Group at Aberfoyle, 
due NW of the present area; these, though volumetrically small, 
constitute a more plausible source.
lia u ld L Q ljlL X u O lia llm
The Buckholm Formation shows a continued increase in the 
proportion of metamorphic fragments, a slight reversal of the 
increase in acid igneous clasts, and a drastic decrease in basic 
igneous fragments. Garnet reappears in association with 
tourmaline and apatite. The clast content denotes a reversion to 
sources comparable to those of the Heriot Formation.
6.2.3 HAWICK GROUP
SelkiJ:k_.FQ rm aiioii
—
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The major source for the Selkirk Formation was an acid 
igneous terrain, though metamorphic and basic igneous sources 
continued to provide minor contributions of material. Apatite, 
tourmaline and chrome spinel are now the common heavy minerals, 
with garnet now subordinate. The matrix is mostly carbonate ?
which has partially (in places completely) replaced almost all 
types of detritus including quartz. Some carbonate grains are 
probably of detrital origin as their grain boundaries are sharp, 
and display exsolution of limonite along the grain boundaries.
6.3 MATURE OF THE SOURCE AREA
'IIn most of the Silurian succession the axial palaeoourrents 
suggest a ME derivation. The transverse depositional 
palaeoourrents (erosional and depositional) are persistently from 
the MW throughout the succession, suggesting that the source area 1
remains the same, i.e. the northeastern marginal landmass |
1’Cockburnland’ (Walton 1963)> which presumably had a covering of |
both acid and basic Lower Ordovician lavas over plutonic rocks IsIcomparable to those of the Ballantrae Igneous Complex (Walton ï
1965b). McMurtry (1980) claims that andesitic fragments from 
Southern Uplands ’basic-clast’ greywackes generally, resemble in 
texture and mineralogy those of the Bail Hill Volcanic Group near
Sanquhar, Nithsdale, and that clinopyroxene grains are also
%optically comparable. The chemistry of the Bail Hill
clinopyroxenes (Chapter 8; Fig. 8.8, 8,9b) indicates alkaline ^
•!affinities appropriate to lavas of seamounts. McMurtry thus 1
Jdeduced that the Bail Hill Volcanics (or other comparable JI
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seamounts) would furnish a suitable sediment source. On the 
other hand, the detrital pyroxenes of the Falahill and Hazelbank 
Formations of the Gala area (present thesis), the Elvan Formation 
of the Abington area (Hepworth 1981) and the Red Island Formation 
of the Longford-Down Inlier (Sanders & Morris 1978) are 
non-alkaline, and thus more probably derived from a volcanic 
arc.
It is agreed that certain of the ferromagnesian minerals may 
have properties comparable to Bail Hill Volcanics, yet may have 
been derived from different sources. In support of this 
proposal, it is significant that clinopyroxenes of the Gala area 
do not show any evidence of sector-zoning as reported by McMurtry 
(1980) in the Bail Hill pyroxenes. Although the succession of 
the Southern Uplands and Longford-Down can not be strictly 
correlated with complete confidence, due to geographic separation 
and uncertainity over lateral equivalence of the fault blocks, 
the greywacke inputs, especially the 'basic-clast’ type, are in 
general petrographically comparable, and were thus derived from 
equivalent or identical source areas. This deduction implies 
that the source rocks themselves formed belts extending for over 
300 kilometres parallel to the strike, A volcanic arc source is 
therefore supported for these non-alkaline detrital 
clinopyroxenes, contrary to McMurtry’s proposition; the Bail Hill
Û.seamount was obviously able completly or exclusively to dominate 
the local sediment supply, but did not extend its influence 
laterally to any significant extent. The Marchburn Formation of 
West Nithsdale (Floyd 1975) and the Corsewall Formation of the
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Rhlnns (Kelling 1962), lower in the succession than any unit 
proposed in the Gala area, also contain andesitic and 
clinopyroxene fragments; whereas these formations are either 
older or of comparable age (Llandeilo) to the Bail Hill 
volcanics, it seems unlikely that their detritus was derived from 
the Bail Hill area, especially since palaeocurrents from those 
areas are consistent in indicating a northwestward source.
It seems more plausible that a subduction complex, for 
instance the Ballantrae Igneous Complex, has contributed a 
significant proportion of the detritus of the ’basic-clast’ 
greywackes, which also include lavas of volcanic arc origin 
(Lewis & Bloxam 1977; Church & Gayer 1973; Wilkinson & Cann 1974; 
Bluck et al. 1980). It must, of course, be noted that the origin 
of the Ballantrae lavas is at present under debate; it has been 
argued that some sections of the lava in the Ballantrae complex 
also show oceanic affinities (Lewis & Bloxam 1977; Jones 1977) 
and may have been tectonically juxtaposed with volcanic arc 
types. It has also been suggested (Ryan et al. 1983) that the
Deer Park Complex, West Ireland, represents a dismembered
ophiolite, presumably a lateral correlative of the Ballantrae
Ophiolites, and may have contributed as a source area for the
’basic~clast’ greywackes in the Irish sector (Sanders & Morris 
1978).
The granitic fragments are mainly of two types; a) a 
foliated and sheared type which is likely to suggest either a 
Dalradian or a Grenvillian basement (Longman & Bluck 1979); and
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b) unfoliated granites, some of which contain raicrocline and some 
micrographie and/or perthitic texture. It should be noted, 
however, that the reported Grenvillian age of the sheared 
granites is currently disputed; dating of first-cycle zircons 
have recently hinted at a 1^80 Ma (Grampian) date (B. J. Bluck, 
pers. comm, to J. A. Weir). Two types of unfoliated granite 
fragments have been recognized, contrasting both in petrography 
and age (Bloxam 1968; Longman & Bluck 1979) firstly, a 
non-perthitic, subsolvus type (560 Ma) and secondly, a 
microperthitic, subsolvus type (470 Ma). These unfoliated types 
are considered to have been derived from a source area to the SVI 
margin of the Midland Valley. Some granites are free of 
K-feldspar and may represent the trondhjemitic granite of the 
Byne Hill, Girvan (Longman & Bluck 1979).
The acidic volcanic fragments (rhyolite, quartz-porphyry,
"Iquartz-keratophyre and volcanic glass), like the crystalline 
basement itself, are not represented in surface exposure in the 
present day Midland Valley. It is considered that these rocks 
were eruptives related to either or both of the granitic events, 
that as such they overlay the basement complex, and that they 
were totally removed by erosion (Walton 1983).
The metamorphic fragments including quartzite, 
muscovite-schist and muscovite-biotite-schist are appropriate to 
a Dalradian source, an attribution which is also appropriate for 
at least the 480 Ma unsheared microperthitic granites.
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Sedimentary assemblages are essentially intrabasinal and 
locally derived, though minor limestone and arkosic fragments 
also occur.
6.4 CONCLUSIONS
The main source area for the Falahill Formation was the 
basic igneous rocks of a subduction complex and a volcanic arc, 1jwith minor contributions from acid igneous rocks of the Midland IJValley basement and possiblly metamorphic area of the Dalradian j
basement. In the Heriot Formation the source area changed to a 
dominantly. acid igneous and metamorphic terrain with 
subordination of the basic igneous source. This pattern was 
reversed within the Hazelbank Formation and re-established in the 
Fountainhall Formation, though with a lesser contribution from 
the metamorphic source. The metamorphic source in its turn 
assumed dominance in the Buckholm and Selkirk Formations, with 
progressive subordination of the basic contribution.
The main sources were a) a basic igneous source, partly 
subduction complex and partly volcanic arc; b) a metamorphic 
complex already unroofed to the level of the garnet isograd, 
inferentially the Dalradian basement; and c) an acidic igneous 
source, most probably granites of the Midland Valley basement of 
both 560 Ma and 470 Ma age (Longman & Bluck 1979). The 
possibility of the operation of a Grenvillian (1000 Ma) source 
awaits confirmation in the light of contrary, much younger 
indications, and must be regarded as not proven at present.
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Dominance of submarine fans derived from the respective sources 
controlled clast composition within the various groups. Thus the 
basic source prevailed within the Falahill Formation; the 
metamorphic/acid igneous terrain supervened in the Heriot 
Formation; the Hazelbank Formation reverted to the basic source, 
and the Fountainhall Formation to metamorphic/acidic source, 
which increased its dominance with the Buckholm Formation. The 
strongly silicic Selkirk Formation probably arose by recycling 
out of earlier formations by then incorporated into the inferred 
growing accretionary prism.
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7. STRUCTURE OF THE AREA
7.1 INTRODUCTION
The area displays marked contrasts in fold styles. To the 
NW, within the outcrops of the Falahill, Heriot, Hazelbank and 
Fountainhall Formations, the succession has been deformed into 
asymmetrical folds ranging from tight to open (Ramsay 1967) 
with modal trend of axial planes 030^-040° and dip 85-90°
(Fig. 7.2b). Some are overturned (Plate 7.2) mainly to the 
SE and a few (3 in 79) are NW-facing monoclinal folds. To the 
SE, within the outcrops of the Selkirk Formation and the 
contiguous part of the Buckholm Formation. The fold style 
ranges from close to open (Ramsay 1967), with one tight and 
one monoclinal fold. The majority (53%) of the observed folds 
plunge gently (mode 0-10°) NE, and a small number (23%) plunge 
SW. SW plunges appear to be uniformly distributed, rather 
than being concentrated within localized areas, A small 
proportion (40%) of the folds are steeply plunging (plunge: 
030-65°); of these, 29% plunge NE and 11% SW. It should be 
noted that these plunges are not as steep as have been
recorded elsewhere in the Southern Uplands (Rust 1965a; Weir 
1968, 1979; Floyd 1975). The succession throughout the area
youngs dominantly to the NW; the folds verge mostly to the SE 
(Plate 7.1) and their long limbs young N1V; the monoclinal
folds face NW. The ratio of the long limbs to short in
asymmetrical folds ranges between 2:3 and 1:20, and the modal 
ratio is approximately 1:3.
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in the designated subareas.
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Figr 7.2: (a) Equal area plot of all derived fold axes (n=81)j 
contours at 1, 2, 4, 6, 8 and 11 points within Ifô area, (b) Poles 
to the derived axial planes of all folds observed (n=81); 
contours at 1, 4, 7 and 11 ooints within 1^ area, (c) Plot of 
derived axes from pi-diagrams of subareas (n=10); contours at 
1, 2 and 3 points within 1% area, (d) Plot of derived axial 
p3.anes from pi-diagrams of subareas (n=lO); contours at 1, 2 
and 3 points within Ifl areal
4
Plate 7.1: Section showing SE-verging, asymmetrical folds in 
Selkirk Formation.
Plate 7.2; Tight asymmetrical fold showing overturning of SE limb,
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Both minor folds (with amplitudes of 2 cm to 1 ra) and 
folds of intermediate scale (having amplitudes of 1 ra to 5 m) 
are present in the area. Minor folds characterize the pelitio 
sequences, which are more prevalent in the Fountainhall, 
Hazelbank, Heriot and Selkirk Formations. These minor folds 
are mostly of similar type, the ratio of the bed thickness at 
the limbs to that within the hinges ranging from 3:4 to 1:2. 
Axial thickening is more pronounced in minor folds, reflecting 
the lesser competence of the pelitic sequences, otherwise 
their style is comparable to that of the intermediate folds.
The formations occur within "blocks" (Hepworth 198I) 
bounded by strike faults, mostly associated with discontinuous 
outcrops of Moffat Shales which define the base of the blocks 
and are considered to furnish sliding surfaces. A conjugate 
set of wrench faults (Fig. 7-Sc) cuts across the folded 
sequences and strike faults alike. Strike, as well as wrench 
faults show extreme diversity of pitch of their slickensides, 
suggesting reactivation; although not more than one set of 
slickensides was seen at any given locality (See Section 7*4.2 
for detailed analysis).
The prevalence of imbrication in association with the 
major strike fault zones, the bounding of successive 
formations of markedly contrasting characteristics by these 
strike-'fault zones, and the occurrence of younger formations 
progressively to the SE against a dominantly northeastward
( a ) ( b )
(d)
Fige 7*3: (a) Poles to the attitude of fault planes, entire 
area (n=179), contours at 2, 5 and 7 points within 1% area.
(b) Plot of slickenside plunges on dip slip faults (n=42); 
contours at 2, 4 and 8 points within 1% area, (c) Plot of 
slickenside plunges on wrench faults (n=32); contours at 2, 4 
and 5 points within 1% area, (d) Plot of slickenside plunges on 
oblique slip faults (n~69); contours at 1, 3 and 5 points 
within Ifo area.
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younging, might be considered to support the Lower Palaeozoic 
accretionary prism model of McKerrow et al. (1977) for the 
Southern Uplands as a whole. On the other hand, there is no 
significant cross-strike variation in dips, and axial surfaces 
and related structures remain essentially vertical 
throughout. Under the accretionary model, dips and faults 
should show progressive northwestward overturning. Lack of 
these features is considered to call the prism hypothesis in 
question.
7.2 ANALYSIS OF FOLDS
Two techniques have been employed: a) Bedding plane
attitudes were plotted on the Lambert Equal Area Stereographic 
Net, to analyse the major fold trends; b) Wherever fold 
closures are exposed or suspected, the limb attitudes of 
individual folds were plotted, and the disposition of axes and 
axial planes determined.
Apart from the larger quarries (Hazelbank, Caddonfoot 
etc.) limitation of exposure inhibits the recording of 
satisfactory quantities of directly-measured data for 
individual folds. Reliance has thus to be placed on plots of 
bedding plane attitudes, randomized according to the exposure 
distribution. The area was divided into subareas based on the 
1:10,560 Ordnance Survey toposheets and pi-diagrams for each 
area constructed (Table 7.1,* Fig. 7.1). Bedding attitude 
readings for each block were also plotted as poles, and
Table 7.1: Sixmmary of the plot of bedding plane 
attitudes in subareas.
KEY
8/lTo Serial NumberSa No Pg Ax A Ax PI Mg St D -
Subarea Number Plunge of Axis Attitude of Axial Plane Direction of Maximum! Stress
S/No Sa No Pg Ax A Ax PI Mx St D
1 NTNT 5555 SESE a) 18 to 75b) 75 to 44 76/80N76/80N 166-546 156“ 54-6
2 NT 45 SW 25 to 208 40/55S 150-510
3 NT 44-, SW 45-225/Hor 40/868 150-510
4 NT 54 NE-a 22 to 59 57/858 147-527
3 NT 54 NE-b 15 to 50 52/82N 142-522
6 NT 55 SE 48-228/Hor 48/858 158-518
7 NT 44- SW 45-225/Hor 48/858 155-515
8 NT 44 SE 10 to 15 45/7OS 155-515
9 NT 45 NE 10 to 258 62/70S 152-552
10 NT 55 NE 50-210/Hor 50/85N 120-500
11 NT 42 NE 12 to 52 30/Vert 122-502
12 NT 45 NW 12 to 51 55/88N 145-525
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yielded results compatible with the subareas based on Ordnance 
Survey toposheets. The general axial trend and plunge for 
each subarea was derived by drawing great circle-traces 
corresponding approximately to the mid-points of pi-diagram 
maxima. Intersections of great-circle traces are considered 
to represent potentially developed fold axes. A plot of 10 
derived axes and axial planes (Fig. 7,2c and 7.2d) show that 
the axial plunges vary from very low angles to horizontal and 
have a modal azimuth of N. 45-50 E. The occurrence of 
steeper axes is also suggested by a single point having a 
plunge of 75 towards 40. Derived axial planes show a 
near-vertical dip.
7.2.1 Folds., individually recorded (Appendix No. 7.1)
Minor folds and folds of intermediate scale, as defined 
above (Section 7.1), are common throughout the area. Tight 
folding is prevalent in the northwest of the area. 
Overturning, mostly of the northwestward facing limbs, is not 
uncommon, 21 out of 79 (27%) being overturned. Certain
pelitic horizons also display northwestward-facing monoclinal 
folds (amplitude: 2-5 cm). F^ crenulations comparable to
those described by Weir (1968, 1979) were not seen. The
attitude of the strata in dark grey and black shale horizons 
in Calfhope Burn suggests tight, asymmetrical folding. In 
Still Burn the black shales display tight overturned folds and 
in one locality, a very small-scale (amplitude: 3-5 cm), NW
facing monoclinal fold. To the SE, close folding again
The gently plunging folds predominate throughout the area 
which represent the main phase of deformation. They 
correspond in style and attitude to the and F^ phases of 
Rust (1965), Weir (1968), and Floyd (1975): see also comments 
on the continuity of deformation by Stringer & Treagus (1980, 
1981). The steeply-plunging folds show no significant 
contrasts in style to those of the gently-plunging types; 
neither are the plunge variations localized with any one 
block. Tightness variations are controlled by lithology, 
tighter and similar folds being related to thinly-bedded 
pelitic sequences, and close to open, and truly concentric 
styles to thickly bedded greywacke sequences. Plunges are, 
however, less steep than some "F^" axes reported by Craig &
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dominates but overturning is not common, and monoclinal folds 
are also rare. An approximately axial-planar cleavage is 
associated with certain of these folds. Most of the folds 
verge SE and only a few verge NW,
A plot of derived axes (Fig. 7*2a) shows that the modal 
azimuth of axes is 037°/horizontal. A second maximum gives an 
orientation of 056^/horizontal. À third and relatively weak 
maximum indicate a group of steeper axes (modal plunge: 40°
towards 10), probably to be ascribed to refolding. A plot of 
axial planar poles (Fig. 7.2b) shows a dip ranging from 85° 
to vertical towards 312°-320°.
7.2.2 Phases, of Folds
I
J
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Walton (1959), Rust (1965), and Floyd (1975), which approach i
I
the vertical and even display localized overturning. Stringer j
1& Treagus (1980, 1981) have concluded that plunge is related |
to localized discrepancies within the same set of compressive ij
forces. The sporadic and apparently random distribution of
Îsteep plunges in the Gala area appears to support the Stringer |
Î& Treagus conclusion (1980, 1981) of a continuum of |
deformation. The modal azimuth is very strong within an iotherwise widespread scatter, indicating the dominance of the i
main phase throughout. |
7.3 MAJOR FAULTS (see map next page)
7.3.1 Strike Faults
CARCANT FAULT; This fault runs across the small reservoir [NS 
365 527] about 300 ra N of Carcant and represented by a zone of 
lenticularly sheared and broken greywackes more than 20 m 
wide, in which bedding is largely obscured. Some of the 
sheared surfaces are curved or undulatory. The main fault 
plane is not visible, but the strata on opposite sides of the 
fault zone are of contrasting characteristics, being allocated 
to the Falahill Formation to the NW and the Heriot Formation 
to SE. The attitude of the sheared surfaces and the 
associated slickensides suggests a reverse sense of movement; 
most of the minor sheared surfaces dip southwards. About 50 m 
south of the fault zone, light grey and brownish grey 
siltstones and silty shales correlated with the Upper Hartfell
Fig. 7.4; Geological map of the Gala area,
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Shales (Chapter 4) are exposed. These are very tightly folded 
(see Appendix No. 7.2, for the style and type of folds).
STILL BURN FAULT: This fault runs along the entire length of 
the Still Burn [NS 428 493] to [NS 402 484], which is roughly 
parallel to the regional strike. Black shales representing 
the Lower Birkhill Shales again are exposed in the burn. 
These are highly distorted, sheared and display tight , 
asymmetrical folding with overturning of limbs facing NW, and 
NT'/ facing monoclinal limbs. The exposures in the burn are not 
adequate either to reveal the nature and trend of movement or 
to show any evidence of imbrication. The black shales are 
exposed in several localities along the burn, and are 
consistent in being highly friable and sheared. This fault is 
within the Fountainhall Formation.
CALFHOPE BURN FAULT: This fault constitutes the boundary
between the Fountainhall and Buckholm Formations, and 
determines the course of the Calfhope Burn between [NS 413 
407] and [NS 399 401]. Its course can be traced westwards up 
to the high reaches of Ewes Water, where it is represented by 
two brecciated zones up to 1 ra thick and about 50 m apart, 
cutting across the burn. These faults are associated with 
intensely weathered, highly sheared and broken, dark brownish 
grey and khaki siltstones, mudstones and silty shales of the 
sedgwickli or maximua Zones (Upper Birkhill Shales). 
Eastwards the fault probably coincides with the stream to the 
west of Pirn Knowe Lodge near Torquhan between [NS 432 474]
f
I
?!
-  81
and [NS 431 4733. Greywackes at this locality are highly
sheared and broken, though shales are not exposed.
GLENWHINNIE FAULT: This fault is named after Glenwhinnie Hill, 
SE of which, in the Lugate Water at [NS 395 466] a fault zone 
about 15 m wide is associated with dark grey siltstones and 
silty shales yielding a gregarius Zone fauna (Lower Birkhill 
Shales; Peach and Horne 1899). The fault marks the boundary 
between the pelite-dominated, lower levels of the Fountainhall 
Formation to the NW, and thickly-bedded, greywacke to the SE. 
A series of minor faults having steep NW hades forms the fault 
zone. These faults have imbricated the exposed siltstones and, 
shales (Plate 7.3). The major fault plane is curved and dips
NW under the imbricate faults; the dip steepens upwards from
15° up to almost vertical. The major fault is thus a listric 
fault (Plate 7.3) and the imbricate faults can be inferred to 
arise from it as a sole (of. Cook 1976). Though the scale of 
the fault is small, on a scale of metres, its listric geometry 
reflects what has been observed in the major thrusts of the 
Fleet area (Cook 1976). In these, the geometry is on the 
scale of kilometres.
Although evidently a major strike fault, the Glenwhinnie 
Fault resembles the Still Burn Fault in being
intraformational.
ETTRICK VALLEY FAULT: The contact between the Selkirk
F o rm a tio n  and Buckholm  F o rm a tio n  l i n e s  up w ith  th e  known
«F- 5^-fV - ’
.
Plate 7.3: Section of Glenwhinnie fault zone [NS 395 466] showing thô 
curved fault plane and the steep imbricate faults above.
Plate 7.4: Steeply dipping strike
faults in Hazelbank Quarry.
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outcrop of the Ettrick Valley Thrust to the SW. No direct 
evidence of faulting is available from exposure within the 
Gala area, nor are black shales found along the contact 
between the two formations. The thrust in its known outcrop 
separates lateral correlatives of the Buckholm and Selkirk 
Formations, and is considered to extend northeastwards into 
the present area to separate the two formations. The lack of 
black shale occurrences contrasts with the type area in the 
Ettrick Valley (cf. Toghill 1970); though this lack may 
relate partly to a sparseness of exposure impressive enough 
even by Southern Uplands standards, it is equally likely to 
reflect a northeastwards descent of the tectonic profile and 
exposure of the higher levels of large scale imbricate slices 
(of. Fyfe & Weir 1976; Webb 1983).
7.3.2 Wrench Faults
GALA WATER FAULT; The Gala Water follows, at least in part, 
the course of a major dextral fault which is clearly exposed N 
of Fountainhall. A thick conglomerate horizon cropping out 
within Dyker Law Plantation [NS 421 501] immediately W of Gala 
Water is displaced southwards to appear in the railway cutting 
near Allen Haugh [NS 435 495], E of Gala Water (Fig. 2.1, 
Chapter 2). The displacement of the fault is estimated as 
nearly 800 ra.
Apart from above major wrench faults, several streams 
including especially Sit Burn at [NS 397 476], Ewes Water
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between [NS 384 459] and [384 446], and an unnamed stream [NS 
397 565] to E of Falahill Cottage, coincide with dextral
displacements both of strata and of strike faults. Ladyside 
Burn between [NS 363 503] and [NS 367 486] and Whitelaw Cleugh 
between [NS 383 556] and [NS 364 553], coincide with the N-S 
alignment of the complementary sinistral displacements. The 
sense of movement is confirmed by small scale drag-folds. The 
movements involved in these cases are small though 
tectonically significant, ranging from 1.5 to 5 m.
7.4 ANALYSIS OF FAULTS
About 179 major and minor faults were recorded and 
classified (Appendix No. 7.3). The recorded data include 
attitude of fault planes, pitch of slickensides and apparent 
sense of movement if observable.
7.4.1 Attitude of Fault Planes
Poles to 179 fault planes (Fig. 7.3a) indicate a group of 
maxima in the NW and SE quadrants, the dip of which ranges 
from 75° to vertical. Though these faults show considerable 
variations in the azimuths of strike ranging from N. 30 E. 
to N. 60 E., they come sufficiently close to the range as to 
warrant classification as strike faults. Other maxima to NE, 
EW, SSE and SSW represent dextral wrenches, sinistral 
wrenches, northerly dipping strike faults and thrusts 
respectively. It is noteworthy that there is a considerable
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difference between the strike of the north-dipping and
south-dipping strike faults.
7.4.2 Pitch of Slickensides
On the basis of pitch of slickensides the faults can be
divided into three main categories (Williams 1958): a) dip
slips (including thrusts and reverse faults): b) oblique
slips: and c) strike slips (wrenches).
a) DUL-Sllps.
These includes faults in which the slickensides make an
angle of 90° to the strike of the fault plane (Fig. 7.3b). A
prominent maximum in the SE quadrant near the centre indicates
that the slickensides mostly plunge very steeply to SE
dispersing towards a small number with NW plunges of around 
40°. The modal strike ranges between N. 40-50 E. This shows 
that the maximum stress direction (taken perpendicular to
modal strike of the fault planes) is N. 130-140 E., and is 
considered as horizontal.
b) fihllqm-Sjjjis
Faults in which the pitch of slickensides ranges between 
30-89° are classified as oblique slips (Williams 1958; Fig. 
7.3d). Weak (5%) maxima occur in the NE and SW quadrant, 
within two discrete fields widely dispersed in two opposed
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great circles. Williams (1958) argues that slickensides 
pitching obliquely to the strike of the fault planes represent 
a planar swing of the intermediate minimum stress axes
cXg about a horizontal maximum stress axis . This 
proposition appears less applicable to the Gala area on 
account of the wide dispersal of the poles. It is more 
plausible that obliquity is related to late-stage rotation of 
the early thrusts to steep angles (See section 7.3.1 and 
structural profile, Fig. 7.4), and dispersed due to the lack
of (and loss of) parallelism on rotation (cf. Rust 1965a). A
plot of slickenside plunges observed in the strike faults 
shows that in spite of the dip slip movements, strike slips 
and oblique slips have also taken place. Rust (1965a)
concludes that strike faults moving initially as dip slips 
were re-activated by subsequent movements. It seams likely 
that re-activation occurred under most of the subsequent 
stress systems. Although great diversity of the pitch of
slickensides within all trends of faults in the Gala area is
evident, the fault planes show not more than one set of 
slickensides.
c) Strike Slips (Wrenches)
This group of faults includes those in which the pitch of 
slickensides ranges between 0-29° (Williams 1958; Fig. 
7.30). There are two main wrench fault groups: i) 1st order
sinistral faults with a modal azimuth of 05°, dipping 
vertically; ii) 1st order dextral faults with a modal azimuth
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of 135°, dipping 80° SW to vertical (Fig. 7.3a). These 
azimuths indicate an orientation of as 150°, a clockwise 
rotation of about 15° as compared with cXj for the strike 
faults. As with the strike faults, the wrench faults also 
display re-activation showing an oblique sense of subsequent 
movement.
Comparison of the trends of faults and the plots of the 
plunges of slickensides with other areas of the Southern 
Uplands (Williams 1958; Weir 1968; Rust 1965a; Floyd 1975), 
confirm that the orientation of the stress axes is essentially 
comparable throughout the area.
7.5 STRUCTURAL PROFILE
The structural profile of the area (Fig. 7.5') is based on 
the attitude of bedding planes and 'way up' criteria in widely 
scattered and discontinuous outcrops, and shows that to SE of 
the area (the Selkirk Formation and part, of the Buckholm 
Formation) the folds verge SE (Plate 7.1), displaying no 
overturning. In the northern part of the Buckholm Formation, 
by contrast, the vergence is opposite. Further 
northwestwards, although the Buckholm Formation is very poorly 
exposed, irregularity of the attitude and inconsistency in 
younging directions suggests shearing and imbrication of the 
strata. Still further north, the Fountainhall Formation is 
cut by a series of three major strike faults; the Calfhope 
Burn Fault, the Glenwhinnie Fault and the Still Burn Fault.
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The strata within these faults show close to tight and
asymmetrical folds verging SE, with overturning of the SE 
limbs. The fault planes show a progressive change in the 
attitude from SE to NW. The Ettrick Valley Thrust and the 
postulated minor imbricate fault are interpreted to have NW
hades. The group of faults centred on the Calfhope Burn Fault
displays NVJ hades which become steeper in northwestward
succession, whilst the Carcant Fault reverses the hade. This 
progressive steepening and ultimate reversal of th hade may be 
ascribed to overturning of an erstwhile northwesterly hade, 
again mplying continuity of deformation (Eales 1979). Such 
progressive steepening and ultimate overturning would equally 
offset fold axial surfaces. Certain of the strike faults, 
e.g. the Carcant Fault, the Still Burn Fault, the Glenwhinnie 
Fault and the Calfhope Burn Fault, are associated with 
outcrops of pelagic and hemipelagic Moffat Shales. Webb 
(1983) observes that there is a direct relationship between 
the widths of the imbricate slices and the dominant 
thicknesses of the beds forming the packages. Raising of the 
structural profile and exposure of slices of Moffat Shales 
appears to be associated with short and therefore closely 
packed imbricate slices, i.e. with successions dominated by 
thin beds and pelitic sequences. This appears to be the case
in the Gala area, in which Moffat Shale outcrops are 4■1associated especially with the Fountainhall, Hazelbank and 4
Heriot Formations, whilst the thickly-bedded Buckholra 
Formation lacks such occurrences.
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It has been observed in Ewes Water [NS 384 447], Sit Burn
[NS 399 535] and the road cutting near Hazelbank Quarry [NS
424 506] that the strike faults have been cut and displaced by 
wrench faults, indicating that wrench faults belong to a late
stage of deformation. Eales (1979) suggests that, as part of I!a continuum of shortening, the major strike faults originated j
as shallow-dipping thrusts and shared in the overall rotation 
and steepening. The folds of Rust (1965) were coeval with
the thrusts and were likewise rotated and modified by F^ . On
this basis it seams likely that the Caledonian deformation 
took place in following steps:
1) Initiation of folding and early thrusts.
2) Subsequent rotation of folds and steepening of thrusts.
3) Re-activation of faults by subsequent movements probably in 
association with 'wrench’ phase - variations in stress 
azimuths.
All the above structures are considered to have been 
formed under comparable stress conditions, with orientated 
NNW-SSE throughout, though inherently variable within limits.
7.7 CONCLUSIONS
The structural pattern is consistent with that of other 
areas of the Southern Uplands, i.e in displaying variable
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sequences, mainly of turbidites, deformed initially by a 
phase of folding and thrusting, steepened and further modified 
with a culmination in a wrench-fault phase.
The prevalence of imbrication in association with major 
strike fault zones, bounding formations of markedly 
contrasting characteristics which become successively younger 
to the SE against a dominantly northeastward younging, might 
be considered to support the Lower Palaeozoic accretionary 
prism model of McKerrow et al. (1977) for the Southern 
Uplands as a whole. But systematic steepening of dips and 
overturning of axial surfaces was not clearly found.
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8. METAMORPHISM AND MINERAL CHEMISTRY
This chapter deals with the metamorphic history of the 
succession following deposition, in relation to the Caledonian 
deformation, and the mineral chemistry. The following techniques 
were employed:
a) Optical petrography
b) XRD analyses of the clay fraction of the greywacke matrix
c) Arising from b), assessment of illite crystallinity
d) Mineral chemistry (electron microprobe analyses)
8.1 OPTICAL PETROGRAPHY
Thin section studies of the greywackes show that most belong 
to the lithic type of PettiJohn (1957), (Fig. 3*3b; Chapter 3), 
with a range between feldspathic and quartzose (silicic). A 
chlorite ~ illite - albite matrix is characteristic of the 
silicic formations (Buckholm, Heriot, and Fountainhall 
Formations), with secondary carbonate prominent in the Selkirk 
Formation. Chlorite - illite - prehnite - albite and chlorite ~ 
illite •» purapellyite - albite assemblages are typical of the 
'basic clast' formations (Falahill and Hazelbank Formations). 
The matrix content is always notably high (>15%). Veins are 
commonly present and are extensively developed near zones of 
intense deformation, showing more than one phase of deformation 
by cross-cutting relationship. Most are only a few ram wide and 
are compositionally related to the matrix. In silicic greywackes
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the veins consist mostly of quartz and calcite, locally 
accompanied by opaque minerals. The sequence of development of 
the minerals in the quartz-calcite veins (Plate 8.1) is as 
follows:
a) Crystallization of quartz.
b) Invasion of calcite, replacing quartz. Some isolated relicts 
of quartz crystals remain in a calcite groundraass show the same 
optical orientation.
c) Minor sulphide mineralization: incoming of pyrite replacing
quartz and calcite equally.
The same sequence of diagenetic events is also evident in 
the host greywackes (Plate 8.2); calcite commonly replaces 
feldspars and other susceptible minerals including quartz, 
especially in the calcite-rich Selkirk Formation. Other fine 
grained detrital components in the matrix are also replaced.
The 'basic clast' greywackes (the Falahill and Hazelbank 
Formations) are relatively richer in matrix (Fig. 3.3; Chapter
3), and show a correspondingly extensive development of 
phyllosilicates (chlorite and illite), and grain boundaries tend 
to be correspondingly more diffuse. Corroded boundaries of 
quartz are apparent in thin sections (Plate 3.1). Prehnite and 
pumpellyite are largely confined to veins, rarely occurring as 
groundmass components. Crystals of these minerals tend to grow 
oblique to vein walls. In the Falahill Formation, prehnite is 
also seen to have developed within flakes of white mica
Plate 8.1; Photomicrograph of greywacke from Falahill Formation showing 
diagenetic history of veins; calcite replacing quartz and 
pyrite replacing both quartz and calcite, X100, cross polars.
Plate 8.2; Photomicrograph of greywacke from Falahill Formation showing
pyrite replacing matrix and detrital grains alike, X100,
plane polarized light.
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(phengite). Prehnite grows perpendicularly to the basal 
cleavage, disrupting the mica flakes (Plates 8.3-8.4; Appendix 
8.15). In other contexts (Oliver and Leggett 1980; Oliver et al. 
1984; Hepworth 1981) metamorphism and deformation are considered 
to have occurred synchronously. The textural similarity to the 
other areas of the - Southern Uplands suggests that the same 
relationship holds good for the Falahill Formation.
8.2 XRD ANALYSES OF GREYWACKE MATRIX
The clay fraction of the greywacke matrix was separated 
according to the procedures described in Appendix 8.2 and 
prepared as;
a) dry (untreated), orientated mounts
b) Ethylene glycolated mounts
c) HCl treated mounts
d) Heated mounts
e) Dimethylsulphoxide (DMSO) treated mounts
Peak positions on diffraction charts were determined using 
quartz as an internal standard, and the minerals identified using 
the ASTM card index system (Berry et al. 1974).
8.2.1 Mineral.Aasembl ages
The mineral assemblages identified by XRD are quartz, 
albite, 10 A mica, chlorite, calcite and kaolinite.
Plate 8,3; Photomicrograph of greywacke from Fountainhall Formation 
showing prehnite growing within mica flakes causing 
disruption of mica flakes, X100, cross polars.
Plate 8.4: Scanning electron photomicrograph showing growth of
prehnite within mica flakes.
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JJ3_A.J31ûa:
o ostrong peaks at 10 A and 5 A are attributed to the basal 
reflections [001] and [002] of white mica (M, Fig. 8.1 and
8.2). Most of the 10 Â peaks are asymmetrical towards low angles 
with the foot of the asymmetry situated at ~10.64 A. Treatment 
with ethylene glycol (Fig. 8.1, 8.2) usually produces peak
enhancement accompanied by a very slight increase in basal 
spacing though not enough to justify classification as smectite. 
The persistence of the [002] reflection after heat treatment 
confirms that the mineral is illite (Fig. 8.1, 8.2). Analyses
of representative samples from the formations (Appendix 8.6) show 
that d(001) spacings range from 9.93 to 10.66 A about a mean of
10.04 A. This is larger than values previously reported by 
Hepworth (1981) for the Abington area (X = 9.988 A), while values 
comparable with the Gala area have been reported by Watson (1976) 
for mudstones of Dob's Linn and Hartfell, Moffat, probably 
transitional between low anchezone and diagenetic (X = 10.01 and
10.04 A respectively).
.ba ■ .apaGillg: it has been found (Cipriani et al. 1968) that the
measured peak position of d[060] is directly related to the ha. 
parameter of the crystal lattice, i.e bo=d[010], which is 
dependent on the chemical composition of the octahedral layer. 
Values of d[060]~1.50 A, bo~9.00 A indicate dioctahedral micas. 
Parameter ba also permits distinction between muscovite and 
phengites. Substitution of Fe and Mg for A1 in the octahedral
C al
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8.1: XRD* scans of clay fraction of greywacke matrix showing 
effects of different treatments on clay minerals.
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8,2: XRD, scans of clay fraction of greywacke matrix showing 
effects of different treatments on clay minerals.
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sites expands the lattice, ho. being greater in phengites than in 
Muscovites (Cipriani jat_aL,_ 1968). In the greywackes of the Gala 
area, values range between 9.009 and 9.060 1 (Appendix 8.6),
Owith a median of 9.032 and mode between 9.04 and 9.05 A (Fig.
8.2). The ^  parameter of white micas have been used as an 
indicator of relative geobarometry accompanying low grade 
metamorphism (Sassi and Scolari 1974; Padan et_ _al. 1982). Such 
estimates have also been carried out elsewhere in the Southern 
Uplands (Hepworth 1981; Oliver et al. 1984). Values estimated in 
the Gala area closely correspond to them (Fig. 8.3).
ChlozLite
The presence of chlorite is confirmed by strong reflections 
at 14 A [001], 7 A [002], 4.7 ^ [0033 and 3.5 A [004] (Fig. 8.1; 
Appendix 8,7). The ^-spacings were not effected by ethylene
Oglycol treatment. Heat treatment enhances the 14 A [001]
o oreflection whilst causing the collapse of the 7 A and 4.7 A peaks 
and the depression of 3.5 A peak (Fig. 8.1). This effect 
probably relates to the presence of unstable interlayer spaces in 
the chlorite lattice (?Mg~vermiculite; Thorez 1976). Some 
samples (Appendix 8.7)» particularly those from the Selkirk
oFormation, show neither any change in their 14 A reflection after 
HCl treatment, nor collapse after heat treatment, suggesting the 
coexistence of kaolinite, while in most other cases the [001], 
[002], [003]» and [004] reflections of chlorite collapse after
the HCl treatment confirming the presence of chlorite only. The 
even-order basal reflections [002] and [004] are alw^ ays very
wc
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strong, [002] being the strongest. This characteristic has been 
attributed to richness in iron (Hepworth 1981, and references 
cited therein). However, microprobe analyses show that 19 out of 
31 from the Gala area (Appendix 8.7) and 9 out of 14 in the 
Abington area (Hepworth 1981) are strongly magnesian. Moreover, 
the probe analyses demonstrate that even within the same thin 
section, the composition of chlorite ranges from Mg-rich to 
Fe-rich (Appendix 8.7). The dioctahedral chlorites typically 
have more intense [OO3] reflections and retain their [002] peaks 
after heat treatment. Lack of these characters in the studied 
samples implies that trioctahedral chlorite is dominant.
Kaolinite
It was found that almost in all specimens from the Selkirk
Formation, and in several from other formations (Fig. 8.2,
Appendix 8.7)» that [001] reflections are enhanced and the the
remaining reflections are not affected by the HCl treatment,
other than [004] which is slightly depressed. Heat treatment
0causes the enhancement of 14 A peak and collapse of other peaks 
(3.55, 4.7 and 7.15 A), suggesting the presence of kaolinite in
coexistence with chlorite. DMSO treatment confirms the presence 
of kaolinite by shifting its 7.15 A reflection to 7.5 A position,
owhile the 7.15 A reflection for chlorite remains uneffected 
(Fig. 8.2; Appendix 8.7),
Calcite
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Calcite is detected by the presence of its 3 A [104] and 
3.85 A [102] reflections (Fig. 8.1, 8.2). These reflections are
opresent in all the samples analysed, but 3 A is the strongest 
(R.I. up to 100%) in the Selkirk Formation. The collapse of 
both peaks after HCl treatment confirms them as calcite.
Albite
The presence of 3.2 A, 4 A and 3.7 A peaks in diffractograms 
of all samples (Fig. 8.1) correspond to the [001], [201] and 
[130] faces of albite respectively.
8.2.2 Illite Crystallinity
Illite crystallinity (IC) has been extensively used in 
recent years as a quantitative parameter to measure the degree of 
advancement of burial diagenesis or anchimetamorphism (Kubler 
1967a; Dunoyer de Segonzac 1970; Frey 1970; Weber 1972; Kisch 
1978). With increasing incipient metamorphism, the crystallite 
size increases concurrently with the progressive removal of 
expandable mixed layer clay minerals, the X-ray diffraction peaks 
of the 10 A mica (illite, [001]) reflecting this change by 
becoming narrower. This effect corresponds to the loss of 
interlayer water, the absorption and fixing of potassium between 
the layers and the rearrangement of ions within the layers 
(Dunoyer de Segonzac 1970). In addition to temperature, the 
degree of crystallinity depends on initial chemical composition, 
hydrostatic pressure and chemical composition of the interstitial
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water (Dunoyer de Segonzac 1970). The following two methods have 
been used to quantify the illite crystallinity:
a) Kubler index
This method involves the measurement of the width (ram or in 
20) of the illite [001] peak at half peak height (L1/2h) above 
the background radiation (Kubler 1964, 1968; Kisch 1978).
IC = (L1/2h)
b) Weber index
Weber (1972) modified Kubler’s method by defining (Hbrel) as 
the ratio of the width of illite [001] peak at half peak height 
above the background radiation to that of an external standard 
(quartz, [100]).
Both indices were determined in the analysed samples. 
Untreated orientated samples were run five times in succession 
under specified XRD conditions (Appendix 8.4) followed by three 
runs of quartz [100] as an external standard. Widths of illite 
[001] peaks were measured exactly half way between the top of the 
peaks and the level of background radiation and their means 
determined in mm and 20. The mean width of the quartz [100] peak 
was then likewise determined and Hbrel calculated.
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All illite crystallinity values (Appendix 8.5) lie within 
the anchizone, which is equivalent to the prehnite-pumpellyite 
facies of metamorphism (Esquevin 1969; Kisch 1974). IC values 
based on Hbrel are closely comparable with those of other areas 
of the Southern Uplands (cf. Oliver et al. 1984; Hepworth 1981; 
Fig. 8.4). It has been suggested (Oliver et al. 1984) that both 
illite crystallinity and increase systematically northwards (See 
section 8.3), an increase attributable either directly to the 
increasing amount of folding and cleavage formation northwards 
at constant P & T, or to the apparent increase in grade of 
metamorphism, folding and cleavage in progressively deeper levels 
of the accretionary pile (Leggett et al. 1979). On the contrary 
distribution of IC values in the Gala area (Fig. 8.4) do not 
show any progressive increase in the IC values which include a 
cross-strike distance of over 30 Km. This suggests that 
metamorphism may not be controlled by an accretionary process as 
suggested by Oliver et _ al. (1984) and Legett et al. (1979); 
deep burial of the southern parts of the blocks might be expected 
to result in a southward, as opposed to a northward, increase in 
metamorphic grade. Neither is observed within the area.
8.3 MINERAL CHEMISTRY
The chemistry of certain of the more complex minerals, and 
especially those belonging to isomorphous series, was determined 
using the energy dispersive electron microprobe at the Grant 
Institute of Geology, University of Edinburgh. Instrument
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conditions are given in Appendix 8.19 results are given in 
Appendices 8.8 to 8.18.
8.3.1 Pumpellyite
Certain veins and localized patches of matrix display a 
spongy texture characteristic of pumpellyite aggregates, though 
pumpellyite could not be confirmed optically. Probe analyses 
show high levels of Ca, A1 and Mg (Appendix 8.8) and are richer 
in Na^O than the standard pumpellyite (Deer _et aX. 1965). This 
probably shows the presence of a soda rich mineral (presumably 
albite) in association with pumpellyite.
8.3.2 Prehnite
Analyses of the vein prehnite (1,2,3, Appendix. 8.9) and a 
single detrital prehnite (4, Appendix 8.9) and their Ca-Al-Fe 
plot (Fig. 8.5) show that they are comparable to prehnite found 
elsewhere in the Southern Uplands (Hepworth 1981; Oliver etal. 
1984).
8.3.3 Chlorite.
With a few exceptions, most of the chlorite analysed was in 
the groundmass. One detrital grain (Analysis 13, AK 336, 
Appendix 8.10), and one vermicular inclusion in a quartz grain 
(Analysis 15, AK 159, Appendix 8.10) were also analysed. The 
detrital chlorite falls within the sheridanite field while most
C a
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54,
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Fig, 8.5: Prehnite analyses; Al, Ca, Fe(tot) cation proportion
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of the groundraass chlorite ranges from ripidolite (mostly sub 
species aphrosiderite), through pycnochlorite to diabantite, with 
most falling within the pycnochlorite field (Fig. 8.6), A small 
proportion fits into the brungsvigite, penninite and 
talc-chlorite fields.
8.3.4 Plagioclase
Probe analyses of plagioclase grains distributed throughout 
the succession show that all are albite (Ab91 - AblOO)
(Appendix. 8.11; Fig. 8.7). The analyses also include one 
plagioclase phenocryst in a spilite clast. The results are 
consistent with those for sandstones of the Elvan Formation of 
the Abington area (Hepworth 1981). These results confirm the XRD 
analyses (Fig. 8.1; Section 8.2.1).
8.3.5 pyroxene
Detrital pyroxenes from the Falahill and Hazelbank 
Formations were analysed. Most (22 out of 26) are calcic augite 
two are salite and two diopsidic-augite (Appendix 8.12; Fig. 
8.8). The pyroxenes of both formations presumably have been 
derived from a similar source rocks as their compositions are 
closely comparable. These pyroxenes are also comparable with the 
pyroxenes of the Elvan Formation of the Abington area (Hepworth 
1981) but differ from the pyroxenes of the metadol&rite of the 
Raven Gill Formation of Abington area (Hepworth 1981) and the 
Bail Hill Volcanic Group (McMurtry 1980a). It has been concluded
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that the Bail Hill Volcanics represent an alkali basalt of 
hawaiite-mugearite-trachyte series of an oceanic-island
(seamount), which are also comparable to salites and Ca-rich 
augites of hypabasal rooks derived from alkali olivine basalt 
magmas, and from which high Al salites have been recorded.
The detrital pyroxenes of the Falahill and Hazelbank 
Formations of the Gala area are different from those of the Bail 
Hill Volcanic Group in two respects; a) textures of the grains, 
as no zoning was found as have frequently been observed in the 
pyroxenes of the of the Bail Hill Volcanic Group; b) non-alkaline 
nature of the pyroxenes (Fig. 8.9), (Nisbet & Pearce 1977; Le Bas 
1962; Kushiro I960). Covariation plots of TiO^ -Al^ . (Fig. 8.9b, 
after Le Bas 1962) of pyroxenes show that 22 out of 26 fall into 
the nonalkaline field, A plot of the discriminant functions, FI 
& F2 [Fig. 8.9a; Appendix 8.12, after Nisbet & Pearce (1977)] 
suggest that the pyroxene may have been derived from a volcanic 
arc region. This suggestion is supported by the fact that in all 
the above plots the pyroxenes closely resemble the known volcanic 
arc basalt plots of Nisbet & Pearce (1977). Thus it can be 
concluded that the detrital pyroxenes of the Falahill and
Hazelbank Formations are non-alkaline and have been derived from
a source outside the depositional basin, most likely a volcanic
arc.
8.3.6 Amphibole
The majority of the amphiboles (Appendix 8.13) were
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classified as calcic class B (Leake 1978), whilst only four out 
of 19 grains are of the calcic class A (Fig. 8.10), Three other 
analysed grains, considered to belong to the glaucophane group, 
were classified as calcic-sodic class A and B, and one again as 
calcic class B. The mineral species covered by these 
classifications include ferro-pargasitic hornblende, pargasite, 
ferroan-pargasite, edenite, edenitic hornblende, ferro-edenitic 
hornblende, actinolite hornblende and raagnesio-hornblende. The 
majority of the amphiboles from the Gala area fall into the 
fields of ferroan-pargasite hornblende, pargasite and 
ferroan-pargasite and edenitic hornblende. Two grains were 
classified as magnesio-horblende and another two as 
actinolite-hornblende. One grain from the Falahill Formation is 
classified as magnesian-hastingsitic hornblende and one as 
ketophorite. The Al^^ - Na+K covariation plot (Fig. 8.11a; 
after Deer et al. 1965) show that most of the amphiboles are
similar to pargasite-ferrohastingite and hornblende. Fe^^ ions 
were calculated using Papike's et al. (1974) charge balance
equation.
A comparison with the amphiboles of the Elvan Formation 
(Hepworth 1981) show that the majority are, by contrast, calcic 
class A (Leake 1978), and none is either pargasitic, 
ferro-pargasitic hornblende or ferroan-pargasite. However, 
edenite-hornblende and magnesio-hornblende do occur. The primary 
magmatic amphiboles from the Bail Hill Volcanic Group (McMurtry 
1980a) are mostly pargasites and ferroan-pargasites and as such 
are more comparable to amphiboles from the Falahill and Hazelbank
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Formations. Magnesio-hornblende and ferroan - pargasitic 
hornblende were also found with some components of the Ballantrae 
Complex (Spray and Williams 1980) and are closely comparable with 
the detrital hornblende of the Falahill and Hazelbank 
Formations.
8.3.7 Glaucophane
Only four grains of glaucophane were analysed (Appendix 
8.14) and are classified as ferro-glaucophane (Leake 1978; Fig. 
8.11b). Two optically comparable grains are calcic-sodic 
amphiboles, one in class A and one in Class B. The presence of 
glaucophane indicates a subduction complex in the source area 
(Ernst 1975).
8.3.8 jWMM-jnica
Analyses of white mica (Appendix 8.15) show that both 
muscovite (tetrahedral Si:Al, less than 4:1) and phengites 
(tetrahedral SiiAl, more than 4:1) occur. It is also noticeable 
that the ratio of phengite to muscovite in the Falahill, Beriot 
and Hazelbank Formations is higher (7:5), while all five white 
micas analysed in the Buckholm, Fountainhall and Selkirk 
Formations were found to be muscovite (Appendix 8.15). A 
covariation plot of Al^O^ and Fe(tot) (Fig. 8.12a; after 
Miyashiro 1973, p.202) show that phengite falls into the field of 
the glaucophane-schist facies while muscovite enters the field of 
the chlorite, biotite and almandine zone. The Al-poor nature of
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phengite (Fig. 8.12a; Appendix. 8.15) is a characteristic of 
white mica from the glaucophane-schist facies (Miyashiro 19T3»
p.202).
8.3.9 Biotite
Analyses of .biotite (Appendix. 8.16), plotted on a MgO » FeO
- AlgOg triangular diagram (Fig. 8.13, after Nockolds 194?)
shows that they are comparatively rich in MgO and A1 0 , and2 3
resemble the biotite of calc-alkaline igneous rocks. The plot 
shows that biotite comes from mafic as well as acidic sources. 
The calc-alkaline affinity of these biotites (Nockolds 1947) is 
also supported by the analyses of associated pyroxenes 
(Appendix. 8.7; Fig. 8.8 and 8.9) which also display 
calc-alkaline characteristics (Nisbet & Pearce 1977; Le Bas 1962; 
Sanders and Morris 1978).
8.3.10 Calcite
Analyses of the carbonate matrix, and also some grains 
interpreted as detrital (Appendix 8.17) show that they are almost
pure calcite with
CaO 48-54%
MgO 0.09-.0.64%
MnO 0.01--0.42%
FeO 0.02".0.23%
' 'ii
M g O
A L OtotF e O 3
fig. 8.13: MgO-fe(tot)-AlgO, plot for biotite. from calc-alkali 
igneous rocks (after Nockolds 1947).
I = biotite associated with muscovite etc.
II = biotite associated with hornblende, pyroxene or olivine.
III »= biotite unaccompanied by other mafic minerals.
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This finding again confirms the XRD analyses. Though the 
Selkirk Formation is notably carbonate rich, its carbonates are 
similar in composition to those of the other formations,
8,3.11 Heavy Minerals
Analyses of heavy minerals are given in Appendix 8.18, Two 
garnet grains were analysed in a specimen of the Buckholm 
Formation which correspond to almandine (Deer et al, 1965). When 
plotted in FeO+MgO - CaO+MnO covariation diagram Fig. 8.12b, 
they fall into the field of almandine and higher grade garnets 
(Sturt 1962).
Three chrome spinel grains were analysed and found to be 
exceptionally rich in CrO^ (42-47% >Al20^). The Fe:Mg ratio is 
equal to or less than one.
Two detrital grains of enidote were also analysed and found 
to correspond to clinozoisite (ana, 8 & 9, p.198) and piemontite 
(ana. 1, p.200) of Deer _e_t__al, 1965).
8,4 CONCLUSION
Clay minerals are mainly chlorite and illite with or without 
the association of kaolinite, Illite crystallinity and l?o_ values 
suggest the anchizone of metamorphism w^ithout showing any 
progressive increase in grade to NW. Mineral assemblages suggest 
a prehnite-pumpellyite facies of metamorphism.
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Detrital pyroxenes are different from those of the Bail Hill 
Volcanic Group and by contrast show a volcanic arc affinity. 
Amphiboles are closely comparable with some components of the 
Ballantrae Complex. White mica is of two types: a) muscovite; b) 
phengite, which tends to increase to the NW. The presence of 
chrome spinel indicate ultrabasic rocks in source area which is 
further supported by the .glaucophane fragments, also 
characteristic of the subduction zone.
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9. SUMMARY. CONCLUSIONS AND DISCUSSION
9.1 SUMMARY
The Ordovician and Silurian succession of the Gala area 
commences with representatives of the Moffat Shale Group which 
pass conformably upwards into turbidite successions of highly |
variable age. The succession crops out within a number of i1strikewise-orientated fault blocks, and in general there is a |
■jprogressive delay in initiation of turbidite sedimentation I
within successive fault blocks to the southeast. Thus within 
the two northwestern fault blocks, turbidite deposition began 
within the Caradoc Series, and within successively higher 
levels of the Llandovery and possibly Wenlock Series in the 
more southeasterly blocks. The proven Llandovery turbidites 
are the stratotypes of the Gala Group (Lapworth 1870). The 
Ordovician turbidite sequence includes two formations, not 
formally combined as a Group; the Gala Group is divided into 
three formations within the present area, and one formation is 
ascribed to the overlying Hawick Group. The divisions are 
differentiated primarily on the basis of raicropetrography.
The Falahill Formation is the oldest Ordovician turbidite 
subdivision in the Gala area, and is characterized by dark 
grey ’basic-clast’ greywackes distinctive in having garnet and 
scarce blue amphiboles of the glaucophane group. The 
succeeding Heriot Formation is characterized by medium dark 
grey ’silicic’ greywackes. Ferroraagnesian minerals and basic
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igneous clasts are notably deficient, indicating a change of 
source. The above formations are correlated respectively with 
the Scar and Shinnel Formations of West Nithsdale and the 
Portpatrick Basic-clast and Portpatrick Acid-clast 'Divisions' 
of the Rhinns of Galloway. A Lower Hartfell (Upper Caradoc) 
age is suggested, on the basis of lateral correlation.
The Gala Group commences with the ’basic-clast’ 
greywackes of the Hazelbank Formation. Three members are
recognized, spanning the interval between the P. _a_ouminatus
and C._ cyphus Zones (L. Birkhill). The succeeding 
’intermediate' greywackes of the Fountainhall Formation range
from the ,P. ac.umlnatus. Zone to the ,M.._s^ .dgw:lc.kll. or the
R. maximus Zone (Lower to Upper Llandovery).
The Buckholm Formation is highly siliceous, suggesting a 
reversion to a source area similar to the Heriot Formation. 
Graptolite faunas indicate the M, turric.u].atu.s Zone (U. 
Birkhill, Upper Llandovery). The upper part of the Buckholm 
Formation shows interdigitation with the Fountainhall 
Formation, suggesting overlapping of turbidite fans; a western 
fan depositing the Fountainhall facies and an eastern fan
laying down the Buckholm facies.
The Selkirk Formation represents the Hawick Group, and is 
highly siliceous and corapositionally mature. This formation 
is correlated with the Carghidown Beds of Whithorn. Estimates 
of the age of the group as a whole range between Upper
.1
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Llandovery and VJenlock (Clarkson, Craig and Walton 1975); more
recent findings (A. Kemp, _pers,_,_ comm. ) denote a wholly
Llandovery age.
The fault blocks within which successive formations crop 
out are bounded by steep thrusts. Commonly one formation 
occupies a single block, though the Fountainhall Formation, 
which occupies the largest time span, is associated with three 
fault blocks, the southernmost of which also limits the 
outcrop of the Buckholm Formation, by virtue of including the 
merging of two interfering fans. The blocks are successively 
younger towards the SE, and strata within the blocks young 
dominantly to the NW.
Most formations correspond to lithic greywackes. They 
display a compositional range from 'basic-clast' to highly 
siliceous, the latter trend probably being related to
recycling as well as a change in source. 'Basic-clast' 
greywackes are derived partly from ophiolitic and partly from 
volcanic arc sources, 'Intermediate' types reflect a mixed 
source, with the incoming of a contribution from a plutonic
and metamorphic terrain. This terrain becomes the major
first-cycle contributor for the silicic ('acid-clast')
varieties.
Basic, intermediate and acidic eruptives dominate the 
'basic-clast' formations. Schists up to garnet grade 
characterize the 'silicic' formations, which are otherwise
110 -
dominated by more durable clasts of granitic origin.
Detrital pyroxenes of the Gala area are comparable with 
those of the the Red Island Formation of the Longford-Down 
area, and the Elvan Formation of Leadhills - Abington area and 
differ from those of the Bail Hill Volcanic Group. The latter 
are suggested to have been derived from alkali-basalt hawaiite 
- raugearite - trachyte lava series typical of volcanic 
seamounts. By contrast, the detrital pyroxenes of the Gala 
area are non-alkaline and may therefore have been derived from 
a volcanic arc region.
On the other hand, amphiboles are comparable to those of 
the Bail Hill Volcanic Group (McMurtry 1980), and even more 
closely to those of the Ballantrae ophiolites, suggesting 
derivation from this or a similar ophiolitic source, with 
which an initial blueschist source may have been associated.
Palaeocurrents show preferred orientations (Fig. 6.1). 
Evidence from the Ordovician succession is weak, Erosional 
currents in the Silurian were from the NE. Depositional 
currents, by contrast, consistently have directions from NW to 
SE throughout the succession, again agreeing with observations 
elsewhere in the Southern Uplands. This supports Rust’s 
(1965b) postulation of longitudinal scour allied to transverse 
depositional currents. The consistency of the direction of 
depositional currents suggest derivation from a marginal 
landmass ’Cockburnland' of Walton (1963) to the NW, which is
4
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considered to have had a covering of both acid and basic Lower 
Ordovician lavas over plutonic rocks resembling those of the 
Ballantrae Igneous Complex (Walton 1965). This is different 
from the ’Cockburnland’ of Leggett et al. (1979) which
represents a trench-slope break bounded northwards by the 
Southern Uplands Fault. Derivation from the NW including the 
Highland type-metamorphic material and the acid igneous rockes 
of the Midland Valley basement, and persists through the 
’intermediate* and ’silicic* formations. Reactivation of the 
basic source took place in the Hazelbank Formation.
The area is divisible into at least six contrasting zones 
of facies associations ranging from inner-fan to outer-fan 
(fringe) and ocean floor environment. Two turbidite fans were 
active during the deposition of Zone 5. The occurrence of 
closely comparable facies associations (channelized mid-fan) 
along with indications of contrasting palaeocurrent trends 
suggests opposed fan fringes.
Although there is no evidence either of positive (fining 
upwards) or negative (coarsening upwards) trends of second 
order cycles (megasequences), the columnar profile of the 
whole area (Fig. 5.1) suggests at least three retrogressions 
of the fan from inner-fan to outer-fan (fringe) positions 
followed by rapid progressions to an inner-fan/mid-fan 
position.
The area displays marked contrasts in fold styles. To
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the M, affecting the outcrop of the Heriot, Hazelbank and 
Fountainhall Formations, the succession has been deformed into 
asymmetrical folds mostly verging SE and some NW, and ranging 
from tight to open; the latter are commonly overturned. There 
are also a few monoolinal folds facing ÎW. To the SE, within 
the Selkirk Formation and the adjacent part of the Buckholm 
Formation, the deformation is less intense, folding ranging 
from close to open with only a few tight folds. Monoolinal 
folds occur rarely, but are consistent in facing NW. The 
derived axial planes for the whole area show a modal azimuth
of N. 45^ E. and a nearly vertical dip, A small proportion
of axial surfaces have a modal attitude of 038/40^SE. Plunges 
are mainly low, with very subordinate steep plunges both to 
SW and NE. The folds are mostly similar in style, with a 
maximum limb : hinge thickness ratio of 1:2. Thickening is
more pronounced in minor folds (amplitude: 2 cm to 1 in).
Variations in style cannot be attributed to any
particular formation or block, but may be observed within a 
single block. All observations agree in supporting the
conclusion of Stringer & Treagus (1980, 1981) that both
steeply and gently plunging folds may form in response to 
localized discrepancies within the same set of compressive 
forces.
Stringer & Treagus follow Eales (1979) in suggesting that 
most if not all the Caledonian structures of the Southern 
Uplands can be explained by a common but evolving stress
::V
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system. Faulting is an important element in the deformation 
of the succession; indeed, faulting is more important than 
folding in controlling distribution of the outcrops of the 
various formations. The faults are divisible into three 
categories; a) dip slips (modal strike: N.040-050E.), b)
oblique slips c) strike-slips (wrenches). The boundary 
thrusts are complex structures, and where favourably exposed 1
(as in the Glenwhinnie Fault) are seen to be associated with 
imbricated zones, in which the imbricate faults arise from the 
main thrust plane as a sole. The wrenches are again divisible 
into dextral (azimuth 135, dip 80-90 to SVJ) and sinistral 
(azimuth 005-185^/vertical) sets (Fig. 7.3). It is
noticeable that all the three categories of fault show
diversity of the pitches of slickensides, supporting Rust’s 
(1965a) conclusion that faults moving initially as dip-slips 
were reactivated as oblique slips by subsequent movements • ■
under reoriented stress systems.
It is concluded that the initial folds and thrusts were 
interlinked, and were rotated during a continuum of 
deformation, initially flat-lying thrusts being reoriented at 
this stage into steeply dipping strike faults. This was 
followed by wrench faulting. Reactivation of the faults was 
probably the last event. It seems likely that all these 
structures formed under substantially homogeneous stress 
conditions sustained over a prolonged interval of time.
The succession has suffered low-grade thermodynamic
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metamorphism. The mineral assemblages include chlorite - 
illite " albite in siliceous formations, with chlorite ™ 
prehnite - albite and chlorite - prehnite - purapellyite -* 
albite in basic-clast greywackes. These indicate a position 
within the anchizone, with a small proportion in the 
diagenetic zone. There is no suggestion of overall northward 
increase in grade within the anchizone, in correspondence with 
observations elsewhere within the Southern Uplands 
Longford-Down sector.
9.2 DISCUSSION 1
9.3.1 Fore-arc Tectonics
It has been proposed that the succession of the Southern. 
Uplands was deposited in a trench to the south of a 
northwestern continent. The existence of the 'lapetus Ocean' 
of Harland and Gayer (1972) (the 'proto-Atlantic Ocean' of 
Wilson 1966), first indicated by fauna! evidence (Williams 
1976; McKerrow & Cocks 1976) is now supported by 
palaeomagnetic (Briden et al. 1973; Piper 1978) and structural 
(Phillips et al. 1976; McKerrow 1977) evidence,
A number of contrasting subduction models has been 
proposed, including those of Dewey (1969) who postulated a 
NW-dipping subduction zone, extended upwards to outcrop as the 
Southern Uplands Fault; Fitton & Hughes (1970), who postulated 
a southerly subduction under the broad area of the
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paratectonio Caledonides of Dewey (1969); Gunn (1973), who 
invoked paired KW-dipping subduction zones, one Dewey's 
'Southern Uplands' Zone and the other now represented by the 
Highland Boundary Fault, separated by the continental crust of 
the Midland Valley. Phillips et al. (1976) modified both the 
'Dewey' and the 'Gunn' proposals by suggesting divergent 
subduction systems, M  under the Southern Uplands and SE under 
the Lake District, with oblique closure and substantial 
components of sinistral strike-slip (Max et al. 1983).
Northwesterly subduction led to the development of the 
Southern Uplands as an accretionary prism formed as material 
(sediments and volcanics of the ocean floor) was scraped off 
and imbricated at the continent-ooean interface (Mitchell 
1974; McKerrow et al. 1977; Seely et al. 1974; Kulm & Fowler 
1974; Webb 1983). Detachment of the underlying basement is 
proposed to have taken place along fault planes, initiated as 
low-angle thrusts and progressively rotated towards 
verticality as subduction continued (Seely et al. 1974; Karig 
and Sharraan 1975). This accounts for the dominance of 
northwesterly younging strata within the blocks and 
persistence of the younger pelagic/hemipelagic ocean-floor 
facies into successively higher fault blocks southeastwards 
(Mitchell 1974; Mitchell and McKerrow 1975; Anderson and 
Cameron 1979).
Initiation of the faulting probably occurred along an 
inclined plane of high shear stress extending for some tens of
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Ion through the trenoh-wedge sediments, inferentially through 
episodic subduction (Cowan 1974, 1978; Karig & Sharman 1975
and references therein). Accretionary complexes may also form 
during oblique subduction, e.g. the Taupo-Hi Kurangi 
Subduction system, New Zealand (Cole & Lewis 1981), and the 
Sunda (Nias) arc system off Sumatra (G. F. Moore & Karig 
1980). Strike-slip faults are considered to be characteristic 
of oblique subduction; significant, probably even dominant, 
strike-slip components now appear to be well established for 
most or all major crustal fractures within the Caledonides, 
strongly supporting obliquity of subduction. Thrust nappes
and SE-verging folds were propagated within the inner wall of 
the accretionary complex. Folds of opposing vergence are also 
present (also noted in the Gala area); such folds have been 
inferred to have formed towards the end of the subduction 
during continental collision (Cameron 1977); it should be 
noted, however, that there is not universal agreement on the ^
collision along the proposed lapetus suture (Max et al.
1983).
9.3.2 Treiiçh_..8ed±men±jajiiçm
Clastic sediments of the. Southern Uplands have been 
interpreted as trench deposits because of their axial sediment
dispersal (NE-SW), lack of evidence for any southeasterly
source (Dewey 1971; Piper 1972; Leggett 1980), and consistency 
of conformable contacts between turbidite sequences and 
underlying Moffat Shales (McMurtry 1980; Hepworth I98I).
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In tho Southern Uplands axial and lateral transport was 
principally by turbidity currents, with interdigitation of 
turbidite fans of IW derivation. In the Gala area the 
distributary system is mostly channelized; vertical 
distribution of facies shows at least three main progression 
and regression cycles, from a inner-fan to outer-fan (fringe) 
position during the time span covered (Chapter 5). Sediment 
transport mechanisms include debris flows (A1), high 
concentration sediment gravity flow (Cl) and low density 
turbidity current flow (D1). The transition from lateral to 
axial flow in the trench is logically considered to have 
resulted from deflection of the turbidity current by the outer
slope (Piper 1972; Schweller & Kulm 1978). Although ''1
restricted exposure inhibits observation of lateral and |
:vertical facies variations of turbidite facies (Mutti & Ricci j
'iLucchi 1975), individual components of the fan model can be |
recognised with reasonable confidence, and assembled to -vl
produce an acceptable fan model. 4
Comparison of the clastic rocks of the Southern Uplands 1■1with present day analogues (Piper 1972) suggests a comparison i
Iwith Recent turbidites within the Aleutian Trench off Alaska. |
Comparison shows (Piper 1972) that both basins are |
Icharacterized by high sedimentation rates, association of |
pelagic and hamipelagic sediments with turbidites, minor i1islumps and dominance of axial erosional currents over the siIlateral depositional currents. The scale of the present area j
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is also comparable with the Alleutian Trench. 
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Appendix No 3,1; Results of 50Ü point counts - continued
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Appendix No 3,3: Results of granule counts
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DESCWIPTIOH OF ROCK FRAGMENTS
Spill to.: These consist mainly of a mosaic of plagioclase laths 
which may show alignment and in some instances variolitio 
texture. Rounded vesicles subsequently filled with chlorite 
are a common feature. Sporadic plienocrysts of plagioclase up 
to 1mm long occur. Ferromagnesian minerals are fine grained, 
optically indeterminable. They attain up to nearly 30^ by 
volume, and occur mainly as groundmass components.
le/Q umit2i:rj)arjpLby%3L : The rhyolites are porphyritic
(Plato 3.1)5 with subhedral to anhedral quartz and orthoclase 
phenocrysts set in a quartzo-'fold spathic groundmass. In 
guartz-norphyry. quartz phenocrysts are set in a highly 
siliceous microcrystalline groundmass.
Trachvte: This is a porphyritic rock consisting of K-feldspar
and plagioclase (sodic) phenocrysts having the form of 
elongate laths and displaying flow alignment. Ferromagnesian 
minerals are absent.
Volcanic CJjiBs: This is a common rock type made up of
non- crystalline glassy material which is very clear in plane 
polarized light and isotropic in crossed polars. Devitrified 
quartz growths occur sporadically. Some have a distinctly 
brown tinge; irregular black and dark brown spots are
%characteristic of these. Others are characterized by sporadic 
feldspar miorolites set in the dominantly isotropic 
groundmass. Devitrification textures and miorolites in 
variety are characteristic of pitchstones.
Granite: These are equigranular, hypocrystalline, and
comparatively coarse grained, and consist mostly of feldspar 
(both orthoclase and plagioclase, ocasssionally microcline), 
with or without perthite. Quartz is essentially present, but 
subordinate. Ferromagnesian minerals are absent within the 
dimensions of the clasts. Some fragments show micrographie 
intergrowths of quartz and feldspars (Plate 3* 11)* Some 
fragments are foliated and display a development of mica 
(chlorite and ?illite) along the grain boundaries and probably 
derived from a high grade metamorphic terrain.
Pi or i to; These consist of equigranular inter-growths of quartz, 
sodic plagioclase, brownish green hornblende and 
clinopyroxenes. Poikilitic intergrowths of feldspar and 
hornblende are also present. In some cases, large phenocrysts 
of greenish brown hornblende and altered plagioclase up to 1mm 
long are present in a groundmass of biotite, quartz and 
feldspar. Apatite, epidote and zircon occur as accessory 
minerals.
Dacite: This is a very fine grained quartzo-feldspathic,
hypocrystalline rock type containing a small proportion of 
quartz grains along with a lesser proportion of unidentifiable
I l f
black and dark brown spongy spots.
Andeslte/Basa1t: These are porphyritic rock fragments consists 
mostly of phenocrysts of greenish brown hornblende, 
clinopyroxenes (Plate 3»9) end plagioclase in a groundmass of 
very fine plagioclase laths. In some instances the amphibole 
and pyroxene phenocrysts are completely pseudomorphed in 
chlorite and/or carbonates. Apatite is present as an 
accessory mineral.
2. METAMORPHIC m C K  FJUGmNTS
Metaquartzite: Metaquartzite consists of equigranular quartz
grains with occasional muscovite flakes. In some the quartz 
grains may be lensoid or elongated. Some fragments display 
corrosion and partial replacement of the quartz grains by 
micaceous minerals, recalling diagenetic replacement textures 
within the greywackes.
Schists: Quartz-schist clasts predominate, and consist mainly
of quartz in detached, lensoid grains, and micas. Alignment 
of the quartz grains and the mica flakes defines a strong 
fabric (Plate 3.12). Quartz-muscovite schist is the most 
common. Others include quartz-muscovite-biotite schist, 
chior i te-s chi s t, gar net-schist, glaucoph a n e-s ch i s t
(Plate 3-13) and ?kyanite~schist. There are only a few 
examples of garnet-schist and a single doubtful example 
referred to kyanite-schist.
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Epidosite: Epidosite fragments consists of equigranular
aggregates of anhedral, weakly pleochroic, greenish to 
brownish-yellow epidote, intergrown in some cases with quartz 
which may dominate epidote and show alignment. Epidosite is 
most common in the Hazelbank and Falahill Formations.
Epi dote-amphlbolite: These consist of equigranular
intergrowths of epidote, mid-green to pale green hornblende, 
and plagioclase which have been subsequently altered. Epidote 
is present as equigranular aggregates and as individual 
Inclusions within hornblende.
3. SEDIMENTARY. mCK FJlAGWmTS
Siltstone: These are the commonest sedimentary fragments, and
Îrange in size from less than 1mm to up to 10cm, occurring in aIall the formations. They are mostly more or less deformed i
I
(Plate 3.15). Many display alignment of the mica flakes and :J
■Isome show parallel lamination. The clast tenor of the J
siltstone fragments closely resembles that of the host rocks. |
i
Some of the fragments are very rich in carbonate, to the J■1extent of having only a few relict detrital grains floating in i
Ithe carbonate matrix, Siltstone fragments commonly have a I
1much higher proportion of carbonate than the host rock, j
suggesting that they were incorporated late in their I
1diagenetic history. JI I
Greywackes: Fine grained greywaoke fragments show characters
similar to those of the host rocks and are deformed by 
compaction, as are the siltstones (Plate 3.15).
Sandstone; Sandstone fragments consist of subangular to 
subrounded grains of quartz and feldspar cemented by calcite 
or quartz (Plate 3.14). Quartz fragments may be supported by 
the calcite matrix; adjacent fragments may show the same 
optical orientation, suggesting that the quartz grains have 
been partially replaced along fractures and grain boundaries. 
Other sedimentary clasts include black shales and limestones.
Fossil fragments: Fossil fragments are •very rare in the
greywackes; only five fragments were found throughout the 
area, three in the Hazelbank Formation, one in the Heriot 
Formation and one in the Buckholm Formation. Those in the 
Hazelbank Formation include an indeterminate impunctate 
brachiopod (Plate 3.16), radiolaria enclosed in a chert 
fragment and an algal fragment which is possibly 
Dasyc3..a.cLac_ean; this is a shallow water marine organism (A.
R. MacGregor, pers,_ comm.). The Heriot Formation yielded a
solitary echinoderm plate, carrying an encrusting bryozoan; 
again these are indeterminate. A single phosphatic fish scale 
recorded from the Buckholm Formation is is probably of 
thelodont origin. All were probably derived from a shallow 
marine environment.
APPENDIX No 7.1: List of all fdlds recorded in the area 
Key
S/No = Serial Number 
Ax PI = Attitude of Axial Plane 
Ovt = Overturned
Tt = Tight
Grid Ref = Grid Reference.
Op = Open
Mono = M□n o c1i n a1
Dr ~ Drag
Q
H
Cl
C
Quarry 
Hill 
C1 e u g h 
Common
B = Burn 
W = Water 
Gr = Grain
S/No Locality Grid Ref Axis Ax PI Type
1 B1 i n d 1 e e Q 7418 3736 15 to 53 38/428 Ovt2 N i t h e r s h i e 18 4075 4411 14 to 63 70/70N Op3 Long Hangman R 3931 4544 44 to 93 80/77S Op4 Stagehall H - 2 to 237 46/845 Op5 Dow Castle 6 to 238 59/858 Tt6 C a d d □ n h e a d 4026 4114 56 “23 5/Hor 49/405 Ovt7 Br ockhouse B 4077 5134 20 to 144 104/205 Ovt8 Lg Hangman B 4946 4660 10 to 216 82/805 Op •
9 Brockhouse B 3948 5060 60.“240/Hor 60/445 Mono10 Corsehope B 3938 5136 10 to 90 84/605 M one11 L u g a t e W 3006 4691 26 to 12 27/75N Ovt12 Lug a t e W 3723 4671 38 to 07 40/56N Ovt13 Lugate W -do- 44 to 33 24/805 Ovt14 Lu g ate VJ “do- 61 • to 02 40/80N Ovt15 Lugate V/ — d o~ 38 to 12 40/60N Ovt16 Lugate W -do- 38 to 07 40/56N Ovt
17 Lugate VJ 3660 4698 30 to 349 11D/39N Ovt18 Lugate VJ 3810 4690 48 to 16 04/85E Op19 Ladyside B 3629 4970 05 to 83 78/558 Ovt20 Ladyside B . 3606 4955 32 to 82 84/86N Tt ■21 Ladyside B 3587 4941 15 to 206 26/Ver Op22 Ladyside B 3653 4892 38 to 228 49/475 Ovt23 Ladyside B 3691 4883 04 to 32 30/585 Ovt24 Ladyside B 3660 4845 41 to 70 49/675 Ovt25 Ladyside B 3622 4820 26 to 57 50/745 Ovt26 Sole B 3690 4651 37 to 47 47/Ver Tt27 Shank Cleugh 3806 3638 13 to 139 ' 139/Ver Op28 Sit B 3882 4811 42 to 279 108/805 Dr29 Sit B 3921 4705 58 to 02 62/62N Ovt30 Sit B 3911 4788 35 to 70 65/855 Op31 Heathery B 3950 4779 37 to 80 60/665 Op32 Ewes VJ 3860 4622 20 to 238 44/80N Op33 Ewes VJ 3839 4585 10 to 244 61/80N Tt34 Trously B 3792 4805 12 to 218 35/75N Tt35 Trously B 3788 4582 23 to 62 92/40N Op36 Trously B 3750 4552 04 to 248 68/858 Op37 . Ewes VJ 3775 4480 02 to 60 59/605 Op38 Ewes VJ 3769 4471 18 to 224 53/685 Tt39 Ewes VJ 3771 4465 06 to 36 32/745 Tt40 Trously B 3788 4500 65 to 24 6 48/82N Tt41 Trously B 3780 4500 32 to 20 55/4BN Tt42 Ewes VJ 3037 4486 38 to 221 49/785 Tt43 Merlin’s Cl 3977 4311 30 to 92 75/605 Op44 A rm e t VJ 4348 5405 10 to .43 38/405 Ovt
APPENDIX’ No 7.1: L.ist of all folds recorded in the area - contint
4 5 Armet W 4357 5395 10 t o 36 27/425 Ovt
4 6 Hazelbank 4238 5060 45 to 05 24/72N Tt
47 Hazelbank -do- 50 to 3 0 30/Ver Op
48 C a d d Q n W 3850 4391 36 to 53 30/595 Ovf
49 Ewes W 3772 4437 46 to 3 5 45/80N Op50 Ewes W 3870 4498 20 to 50 63/60N Op
51 Ewes W 3877 4498 30 to 60 60/Ver Op
52 Caberston Gr 3736 4173 . 90-•18 0/Hor 90/655 Ovt
53 C a d d o n W 3938 4232 10 to 2 04 25/855 Op54 F a 1 a h i 11 3949 5539 68 to 79 79/Ver Op55 5 e 1 k i r k H 4790 2792 20 to 40 42/85N Tt
56 Selkirk C 4757 2770 44-•224/Hor 44/Ver Tt
57 Selkirk C -do- 08 to 48 49/85N Tt
58 Selkirk c 4759 2760 20 to 224 45/Ver Tt
59 Selkirk c — d o — 32-.312/Hor 32/Ver Tt
60 Selkirk c -do- 34--214/Hor 34/Ver Tt
61 Selkirk c -do- 54 to 08 176/82F tt
62 Selkirk c 7460 2755 40- 220/Hor 40/Ver Tt '
63 Selkirk c -do- 32 to 56 48/795 Tt
64 5 e 1 k i r k c - d o “ 40 to 54 52/875 Tt
65 Selkirk c -do- 02 to 211 31/80N Tt
66 Selkirk c -do- 30-•210/Hor 30/78N Tt
67 Selkirk c - d o - 34-■214/Hor 34/Ver Tt
68 Selkirk c -do- 35-■215/Hor 35/Ver Tt
69 Selkirk c 4778 2728 38 to 238 68/765 Op70 Selkirk c ... do- 40 to 23 6 66/785 Op
71 Selkirk c 4800 2 6l6 04 to 3 2 30/785 Tt'
72 Selkirk c “do — 28 to 46 43/845 .Tt
73 Selkirk c 4853 2589 04 to 221 42/775 Tt
74 Selkirk c 4916 2638 03 to 07 10/55N Mono
75 Bell H 4888 2870 42 to 239 47/78N Ovt
?6 Whitemuir H 4975 2790 24 to 29 29/Ver Tt
77 Whitemuir H - d o - 29 to 27 30/B6N Tt
70 Selkirk c 9760 2755 33--213/Hor . 33/Ver Tt
79 Ewes W “ 42-.222/Hor 42/Ver
Al-’PEÎIDïX NO 7«2 Moi-pholOKy of the exposed fold:
Index
IIJV H inter limb angle
LL « long limb
SL « short limb
B'PL «• bed thickness at liab
BTK » bed thickness at hinge
Oy «> overturned
MLI, » Northern limb longer
Voroonco( ILA)Locality Grid Ref TypoS No SLiLL
212LUgate water lew cmMono-clinal SE
512Sit Burn closo 25 cmSE
close 55-1 cm 1:1
505-aDagato Water 60 cm
585-bLugat0 Water 5 cm 1:2
Close (ov)4 2 NV 5 0 cm585-0Lu gate Water
?SEopen
80 ?3E 40 “50 mopen
closo10
?SE40 close11
2 cm 6 CM150 GentleMonoclinal SE12
close (ov) 6-10 cm 1:260-70 20-50 cmSB250
close (ov) 2:15SE14 02
2.5 cmSE
505-b Gentle
close (ov) 2:5
close (ov) 25 cm 50 cmNW18
close (ov) 1:2SB40-50
1:4close (ov) 63 on28 Cm40 SE61520
close (ov) 52 cm 1:20SE61521
open (ov) ?SE22
2:520-50 m476 276 close SE
20-30 n?HW
1:1820-50m80 SBopen
759 6026 close ?SE
A P P E N D I X  No 7 . 3 : D e t a i l s  o f  a l l  f a u l t s  r e c o r d e d  i n  t h e
a r e a
Key
5/No = 5erial Number ' Grid Ref = Grid Refer
At F PI - Attitude of Fault- Plane 5in = 5inistral
Pc = Pitch Angle 05 = Obliqu e 51
Ty = TypeDex = Dextural
Rev = Reverse
Q = Quarry B = Burn11 = Tunnel Cl = C1 e u g h
W = Vi/ater Cr = Graig
C = Common H = H i 11
5/No Locality Grid Ref At F PI Pc Ty
1 Hazelbank 4238 5060 35/72N 15 N Dex
2 llazelbank -do- 105/76N ? Rev
3 Hazelbank -do- 20/80N 30 N 05
4 Hazelbank -do- 42/79N 07 N Dex
5 Hazelbank -do- 10/Ver 25 N Sin
6 Hazelbank -do- 30/77N 47 N 05
7 Hazelbank -do- 40/35N 45 5 050 Hazelbank -do- 360/Ver 21 N 5 in
9 Hazelbank — d o— 85/40N ? 7
10 Hazelbank — d o — 70/51N 0 Sin
11 Hazelbank -do- 150/77N 70 5 05
12 Hazelbank -do- 175/Ver ? ?
13 Hazelbank -do- 55/76N 39 5 OS
14 Hazelbank — d o — 120/76N 57 N 05
15 Hazelbank -do- 85/66N 12 N 7
16 Hangingshaw Q 5403 4068 170/Ver 90 Rev
17 Hangingshaw Q -do- 40/655 ? ?
IB Craigend H Q 4441 4615 30/845 30 5 OS
19 Craigond H Q -do- 135/805 24 N Sin20 Craigend H Q -do- 136/805 25 N Sin
21 Craigend H Q -do- 20/715 20 5 ? ■
22 Craigend H Q —d o — 130/805 10 N Sin
23 Craigend H Q -do- 130/405 35 5 05
24 Craigend H Q — d o — 150/805 35 5 OS
25 Craigend H 4604 4424 15/655 60 5 OS
26 Allan’s Haugh 4362 4944 50/815 90 Rev
27 Allan’s Haugh -do- 120/61N 21 N Sin28 Allan’s Haugh -do- 115/68N 58 N 05
29 Allan’s Haugh -do- 172/70E 00 Dex
30 Knowes Dean 4367 3933 60/685 23 5 Sin
31 Bow Bridge 4494 5172 32/775 80 N 05
32 Bow Bridge -do- 12D/30N 11 5 Sin
33 Watherston B 4383 4628 85/63N 20 5 Sin
34 Bowshank T1 4540 4113 08/655 65 N 05
35 Whitelee Q 4605 3983 170/72W 20 5 Dex
36 Whibelee Q -do- 150/70N 40 5 05
37 Blindlee 4677 3730 75/74N 60 N OS38 Buckholm 4782 3795 80/75N 20 5 Dex
39 Buckholm 4787 3805 80/75N 50 5 OS
AF’ P E N D I X  No 7 . 3 ;  D e t a i l s  o f  a l l  f a u l t s  r e c o r d e d  i n  t h e
area - continued
40 Caddonlee 4491 3516 150/74S 20 N Sin
41 Whythank 4482 3691 75/80N 30 N OS
42 Whythank ■~do~ 05/Ver ? Dex
43 Whytbank 4477 3737 65/50N 77 N OS
44 Why thank -do- 360/35W 70 5 OS
45 Falahill 3972 5645 25/755 ? Dex
46 F alahill 3961 5638 50/835 50 N 05
47 Whitelaw Cl 3636 5532 05/Ver ? Sin
48 Hazelbank 4242 5096 75/42N 30 N 05
49 Hazelbank -do- 52/45N 45 N 0550 Hazelbank -do- 6D/45N 50 N OS
51 Hazelban k -do- 25/45N 45 N 0552 Hazelbank Q 5041 4266 82/67S 05 5 Sin
53 . Hazelbank Q - d o - 65/80N ? Sin
54 Hazelbank Q -do- 10/855 ? ?
55 Hazelbank Q -do- 02/405 60 5 05
5 6 Hazelbank Q -do- 140/705 0 Sin
57 Hazelbank Q -do- 70/755 10 N Sin
50 Hazelbank Q 4259 5048 I7 5/6OW 30 N OS
59 Hazelbank Q 4250 5050 10/805 0 Sin
60 Hazelbank Q —d o — BO/Ver 06 N Sin6l Hazelbank Q -do- 15/Ver 90 Rev
62 Hazelbank Q 4257 5060 4 0/Ver 0 Sin
63 'Hazelbank Q -do- 15/755 ? ?
64 Hazelbank Q -do- 65/705 56 5 05
65 Hazelbank Q 4256 5057 25/86N 30 N OS6 6 Hazelbank Q -do- 1 7 5/8 OW 45 N OS
67 Hazelbank Q — d o— 170/ 60" 7 ?68 Hazelbank Q - d o - 50/885 ? ?
69 Hazelbank Q -do- 60/805 40 N 0570 Hazelbank Q 4261 5051 140/84N 44 N 05
71 Hazelbank Q -do- 30/45N ? ?
72 Cortlef erry Q 4293 5007 7 0/Ver 50 N 05
73 Cortleferry Q -do- 115/85N 20 N Dex
74 Watherston 4423 4625 15/615 52 N OS
75 Coller Cl 3676 5085 100/805 ? Dex
76 Coller Cl 3693 507 2 40/8 ON 30 N OS
77 Ladyside B 3643 4994 95/20N 40 5 05
78 Ladyside B 3640 5000 60/605 07 N Dex
79 Ladyside B 3630 4995 140/Ver ? . Sin
80 Ladyside B -do- 100/42N 73 5 05
81 Ladyside B -do- 160/60E 10 5 Sin
82 Ladyside B 3637 4985 65/755 50 N 05
03 Ladyside B -do- 80/755 50 N 05
84 Ladyside B -do- 85/805 40 N OS
85 Ladyside B — d 0 — 70/855 45 N OS8 6 Ladyside B -do- BO/Ver 40 N 05 .
87 Ladyside B -do- 90/755 30 5 05
88 Ladyside B -do- 75/855 45 N OS
89 Ladyside B. 3613 4961 80/70N ? ? R e V
90 Ladyside B 3597 4945 20/Ver 50 N OS
91 Ladyside B 3512 4942 55/30N 60 5 OS92 Ladyside B 3587 4941 50/Ver ? ?
93 Ladyside B 3632 4960 360/40E 55 N 05
94 Ladyside B 3649 4 9 3 9 55/755 25 5 Sin
95 Ladyside B -do- 65/855 45 N 05
A P P E N D I X  No 7 . 3 :  D e t a i l s  o f  a l l  f a u l t s  r e c o r d e d  i n  t h e
area -- continued
96 Ladyside B 3653 4892 135/50S ? Dex
97 Ladyside D — d o — 80/60N ? Rev98 Glentress B 3760 4891 20/Ver 45 N 05
99 Raw B 3712 4806 25/75N 30 N OS
100 Sole B 3690 4651 135/80N 30 S OS101 Lu gate W 3710 4653 130/Ver 0 Sin102 Lugate W 3795 4693 10/805 90 Rev103 Lugate W — d o — 130/65N 90 Rev104 Lugate W —do — 45/80S 90 Rev105 Sit B 3943 4766 40/80N ? Rev106 Sit B -do- 60/60N ? ?Rev
107 Sit B 3970 4706 00/50N ? ? R e V108 ToathieknowB B 3505 5254 '17D/30E 30 N OS
109 Falahill 3949 5539 50/05S ? ?Rcv110 Falahill -do- 30/80S ? . ?Rev111 Ewes W 3855 4619 BO/GOS ? ?Rev112 Ewes W 3832 4520 60/75N 05 S Sin113 Lugate W 3946 4664 60/36N 90 Rev114 Lugate W -do- 60/75N 90 Rev115 Lugate W -do- 110/705 ? ?Re V116 Lugate V»l — d o — 70/6 5N ? ?Re V
117 Caddon W 4032 4 2 9 7 30/855 90 Rev118 Birehope B 3983 4318 50/80N 70 S OS
119 Merlin's 01 3955 4300 75/255 80 N OS120 Merlin's Cl -do- 75/558 90 Rev121 Ewes W 3770 4459 10/60N 60 N OS122 Trously B 3788 4582 . 50/Ver ? ? R b v123 Raeshaw Q 3587 5038 115/6ON ? 7124 Raeshaw Q -do- 90/755 65 N OS125 Hoppringle W 4267 5112 360/65E 7 ?Rev126 Armet W 4360 5391 80/40N 70 5 OS
127 Armet W 4381 5480 05/7E 80 N OS128 Ewes W 3841 44 60 30/855 70 N OS
129 Ewes W 3039 4467 80/655 7 ?Rev13 0 Holylee 3989 3707 36Q/B5W 40 5 05131 Holylee -do- 28/655 70 S OS132 Holylee -do- 35/705 90 Rev133 Holylee -do- 160/70W 35 S OS134 Stony Knowe 3957 3895 20/255 90 Rev13 5 Holylee B 3921 3789 5/75S 15 s Sin136 Seathope H 3760 3971 1D/45W 90 Rev
137 Gatehope B 3733 3919 10/50E 90 Rev138 Seathope B 3826 4130 30/455 90 Rev
139 Seathope B 3830 4095 90/605 00 Dex140 Caddon W 4017 4075 40/705 70 s OS141 Hersie B 3914 4176 105/355 90 Rev142 Hersio B 3902 4167 50/605 90 Rev143 Hersie B 3897 4170 50/555 90 Rev144 Flora B 3642 3642 50/65S 55 s OS145 Flora B 3625 3549 60/655 20 N Sin146 Whybbank Q 4482 3691 7O/7ON 35 S OS
147 Whytbank Q - d 0 - 95/40N 90 Rev148 Thornylee Cr 4013 3690 25/20N 90 Rev
149 Thornylee Cr -do - 30/155 • 90 Rev150 Touting H 4911 3377 70/45N 70 S 05151 Touting H -do- 25/655 70 N OS
A P P E N D I X  No 7 . 3 :  D e t a i l s  o f  a l l  f a u l t s  r e c o r d e d  i n  t h e
a r e a  -  c o n t i n u e d
152 Touting H -do- 100/45N 60 S OS
153 Falahill 3949 5539 60/55N ? ?Rev
154 Selkirk H 479.0 2782 45/Ver DO Dex
155 Selkirk H —d G “ 25/Ver ID N Sin
156 Selkirk H —do — 45/60S 7 ?Rev
157 Selkirk H — d o— 25/60N 50 N OS
158 Selkirk C 4757 2770 45/60N 00 Dex
159 Selkirk C 4759 2760 40/72N 30 S OS
160 Selkirk C -do- 55/45N 90 Rev
161 Selkirk 0 4759 2760 35/65N 00 Sin
162 Selkirk C — d o — 30/60N 05 S Sin
163 Selkirk C -do- '20/65N 05 s Sin
164 Selkirk C -do- 35/70S 35 N OS
165 Selkirk C 4760 2755 20/70N 90 Rev
166 Selkirk C -do- 360/75E 00 Dex
167 Selkirk C -do- 110/80N ? ?Rev
168 Selkirk C -do- 165/70N 20 S Sin
169 Selkirk C “do~ 360/60W 00 Sin
170 Selkirk C 4778 2728 30/55S ?Rev
171 Selkirk C -do- 100/Ver 20 s Sin172 Selkirk C • 4916 2638 50/75S 00 Sin
173 Selkirk C -do- 20/75N ■ 20 N Sin
174 Linglee H 4623 3027 75/35N 45 N OS
175 Hog Knowes 4933 2834 10/85S 00 Sin
176 Hog Knowes -do- 14 0/705 00 Sin
177 Black Law 4115 4819 115/30N 00 Dex
178 Black Law — d o — 110/32N DO Dex
179 Black Law -do 115/35N 00 Dex
Appendix 8-. 1: Grid references of specimens selected for W d  "~an al ÿ"3 isl - - •
1
8/No 8p No Formation- Grid Reference
1 Ak-80 Falahill 39/4.9 55392 Ak~336 I 3650 52893 Ak-338 1 3642 53154 Ak"”3'^F0 u 3611 5324
.5 Ak-03 Herlot 4068 54036 Ak-81 1 4189 54357 Ak-83 11 4125 53238 Ak-328 I 3717 53579 Ak-334 It 3648 527610 Ak.-333 1: 4055 534011 Ak-620 1 4409 546?
12 Ak-02 Hazelbank 4238 506013 Ak-84b It 4266 504114 Ak-387b It 3808 499115 Ak-407a IK 3643 499416 Jlk"440 11 3710 4923
17 Ak-228 Fountainha11 4280 488618 Ak-239 I 4213 498719 Ak-292 I 4017 417520 Ak-498 I 3770 466621 Ak-367 I 3792 4503
22 Ak*~4sL Buckholin W  l 461523 Ak”»48 I 4605 398324 Ak*'.*/'^}- I 4354 372623 Ak“~6^H 1 3989 370726 Ak-686 I 3929 406627 Mc-769 I 4605 3025
28 Ak-734 Selkirk 4803 284029 Ak-739 I 4790 278230 Ak-741 I 4757 277031 Ak~ 742 I 4759 276032 Ak-748 I 4801 259133 Ak-732 I . . 4853 258934 Ak-763 It 4829 6220
A p pen d ix  8.2 S.ep.ar.ati.m r,p f_ rlay ,,_ fx_aM âQ Ji„ .frn m  g re y v 7 a e .k e .jiia tr lx
Unweathered parts, of the samples (approximately 300g) were 
chosen and any visible weathering and secondary effects were 
removed using the 6 inch diamond wheel. The material was crushed 
to chips (1-2 cm) and washed by distilled water, dried, then 
ground in a Teema mill for 1 minute. Further disaggregation was 
obtained by placing the powder/water mixture in ultrasonic bath 
for 10 minutes. The slurry was then transferred to a 
water-filled glass test tube and shaken well to ensure thorough 
mixing. Four samples at a time were centrifuged for 40 seconds 
at a speed setting of 5, and the suspension transferred into 
other clean test tubes, again centrifuged for 40 seconds at a 
setting of 7» This time the suspension was removed and the 
settled fraction is the required clay fraction (2-6 yim) for 
X.R.D. analysis.
G)'
determination
Source Cu K(«t) : normal focus; Ni filter 
Slit 1°-0.2-1^ : Chart speed: 1200 mm/h 
Angular goniometer speed: 1^/min 
Scan: 3-35° 29 Time constant: 2S: Z=3 
36KV, 18mA
Glvcolated and Heated Specimens
Runs of glycolated and heated specimens were made to check 
for the presence of mixed layering. The samples were treated 
with ethylene glycol for one hour, and heated up to 600°C for 1 
hour.
Approximately 10 g of the powdered sample were mixed with 20 
ml of HGl (18%), thoroughly mixed and heated up to 80°C for 8 
hours. The sample was then washed and transferred to water filed 
50 ml test tube, shaken well and left for 30 minuts. The 
uppermost sedimented layer was then mounted on a glass slide for 
X.R.D. run.
DMSO treatment
VA)
Approximately 10 g of the powdered samples were mixed with 
20 ml of dimethylsupphoxide (DMSO) and heated up to 180°C for 72 
hours. The samples were then washed and put into a 50 ml water 
filled test tube, shaken well and and left for 30 minutes to 
settle down. The uppermost layer ("8 ^ m) was mounted on glass 
slide for X.R.D. run.
I
A p pen d ix  8 .4  I l l i t e  o r y s t a l l l n l t y : m easurem ent i
The samples prepared for clay mineral analysis (~6 jLim) 
mounted on glass slides were also used for illite crystallinity 
measurements (separation methods described in Appendix 8.2). The 
instrumental conditions used are as follows.
Source: Cu K(<^ ) : normal focus: Ni filter 
Slit: 1°-0.2-1°
Hbrel = [Hb (001) Illite (mm)/ Hb (100) Quartz (mm)] X 100
where Hbrel= Halbwertbrsite relative (after Weber 1972b)
Chart speed: 600 mm/h •
O ' iAngular goniometer speed: 0.5 /rain j
Time constant: 4S : Zr3 . |
2 ' 4Rate meter speed: 4 x 10“ counts/sec |i
IPhillips PW1012/20 diffractometer. i
At least 5 measurements were taken per specimen, scanning
Ifrom 7.5° to 10° 20, followed by three runs of quartz standard |
o 1from 20 to 21.5 20. The widths of 5 illite peaks for each |
sample were taken exactly half way between the level of
background reflection and the top of the peak, and their mean j
:jcalculated. The mean of the 1/2 peak width of quartz (100) was |
1also determined in a similar way and the Weber index calculated ;i
1using the following equation. )
Aj-pendix 8.5 : 111 ite cr.ystallinity ro»uits
S p  N o K u b l e r  I n d e x W e b e r  I n d e x I(C02;/J (001) •
A k “« 0 0 .3 1 13 7 .2 0 . 0 2Ak-)28 Ü .29 13 7 .2 0 . 6 3Ak - ) ) 6 0 . 2 6 123.2 —
A k - 5 5 8 Ü .29 137.2 0.63
HHIÎIOT
A k - 8 1 0.44 1 6 0 . 0 0 . 6 7
A k - 8 5 0 .3 1 143.1 0 .39A k - 5 5 d 0 . 2 9 133.3 0 .4 3
A k - 5 5 5 0.28 143.3 0 . 4 1A k - G 2 0 Ü .34 1 2 9 .0 0 .4 5
H A Z E L B A N K
A k - 0 2 0 . 2 6 1 2 5 .6 0.43
A k - 5 8 ? b 0.34 130.9 0.38
A k “ A 0 7 a 0.43 1 5 0 .0 0.38 ?
Ak-4/|0 0.29 136.3 0 . 4 6
EOUNTAlNilALT,
A k - 2 2 8 0.39 140.0 0.50
A k - 2 5 9 0 .4 1 134.0 0.36A k - 2 9 2 0.27 136.4 0 . 4 0A k - 4 9 8 0.31 143.6 0 . 4 1 jA k - 5 6 7 0.36 143.0 0.50 J
A k - 6 8 6 0.30 136.2 0 .3 0
BUCKHOIII
Ak~4a. 0.35 1 2 3 .0 0 . 5 2A k - 4 8 0 .4 9 1 6 8 . 0 0 .3 0
Ak-7^l 0 , 2 9 1 3 4 .5 0 . 4 4A k - 6 4 1 0.37 1 2 4 . 0 0 . 4 1A k - 7 1 8 0.37 137.0 0.33
A k - 7 6 9 0.30 140.0 0.42
S E L K I R K
A k - 7 5 4 0 , 4 1 130.0 0 . 3 6
A k - 7 3 9 0.34 127.0 0.30 <’■1
A k - 7 4 1 0.39 1 4 0 . 0 0 .4 7Ak-742 0.37 134.0 0 . 4 6Ak-748 C .37 136.0 0.38Ak.-782 0 . 4 1 149.0 0 . 4 0Ak-763 0 . 4 6 1 6 4 . 0 0.39 1 !
NB Locality and G r i d  r e f e r e n c e s  o f  s a m p l e s a r e  g i v e n  inAppendix 7 .1 .
J
Appendix 8.6: Parameters of illite
Sp No Position'of (001) d (060)^^ bo A°
Normal Glycolated 600
Ak-02 10.04 10.04 10.04 61.62 9.023Ak-4a 10.12 10 .09 9 .93 61.40 9 .052Ak—48 10.04 10.04 10.04 61.43. 9.026Ak-74 9.98 10.04 10.04 61.60 9.026Ak-80 9 .93 10.04 6 1 .7 0 9.013Ak-81 9 .9 9 9 .9 7 10.13 61.62 9 .023Ak-8^ 9.98 9 .9 9 10.04 61.44 9 .047Ak-228 9 .93 9 .9 4 61.47 9.043Ak-2^9 10.02 9 .9 3 10.08 61.60 9.026Ak-2 92 10.10 9 .93 10.04 61 .9 0 9 .039Ak-328 10.12 10 .09 10.04 61.48 9.042Ak-$$4 9.98 10 .09 10.04 61.93 9 .035Ak-3$6 9.83 10.04 10.04 61.33 9.062Ak-338 10.04 10.12 10.04 61.90 9 .039Ak-387b 10.12 9 .8 8 9.98 61.39 9.044Ak-407a 9.98 9 .93 61.39 9.055Ak-440 10.04 10 .09 9 .9 9 61.68 9.016Ak-498 9 .9 9 9 .93 10.10 61.73 9 .009Ak-9^^ 10.04 9.98 9.93 61,66 9.018Al{-967 9 .9 9 9 .9 7 10.04Ak-620 9.98 9 .9 7 9 .8 8 61.49 9.041Ak-641 9 .9 9 10.02 9 .9 9 6 1 .7 2 9 .010Ak-686 9.98 10.04 10 .09 61.4-7 9.043Ak-718 10.10 9 .93 10.09 61.53 9.035Ak-734 10.12 10.04 9.98 61.53 9 .037Ak-7$9 9.99 9.98 10.04 61.4-8 9.042Ak-741 9 .93 9 .9 9 10.04 61.56 9 .031Ak-742 10.09 9 .9 3 10.04 61.58 9 .029Ak-748 10.04 9 .9 9 10 .09 61.61 9.025Ak-7^2 10.04 10.09 10.01 61.36 9.058Ak-76:) 9.98 9 .8 8 10.04 61.53 9 .037Ak-769 9.98 9 .8 8 9 .99 61.47 9.043
NB Localit4-6S and Grid references of the samples are given in Appendix
Appendix 6.7: l-oGltion of first four basal reflections of Chlorite/Kaolinite in normal run.
and position of reflection at 7 after HCl. Heat. Kthyline Glycole and DMSÜ 
treatment.
Sp No Untreated run / D O l 7 / / U o ^  A*^  of Chlorite/Kaolinite
(001) (002) (003) • (004) HCl 600 °C DMSO 
Oh K
Ak-02 14.48 7.15 4.74 3.55 7.13, d 7.10 cpa 7 .05, 7.44
Ak-4* 14.24 7.11 4.74 5.54 7.09 7.11 cps 7 .05, 7.46
Ak-l^6 14.50 7.17 4.P? 3.55 7 .1c 7.13 cps -
Ak~7A 14.24 7.10 4.73 3.54 7.13 7.08 cpa -
Ak-80 14.24 7.11 4.74 3.55 cpa 7.09 cpa -
Ak-61 14.24 7.08 4.79 3.55 cpa 7.09 cps -
Ak-85 14.36 7.13 4.75 3.55 7 .09, d 7.13 cps 7.01 only
Ak-228 14.36 7.10 4.?4 3.55 cpa 7.11 cps -
A k -259 14.22 7.15 4.75 3.55 cpa 7.10 cpa -
Ak -292 14.36 7.34 4.73 3.55 cpa 7.13 cps 7 .13, 7.62
Ak-328 14.38 7.04 4.74 3.56 7.11, d 7.10 cps -
Ak -334 14.24 7.11 4.74 3.56 7.18, d 7.1) cps -
Ak-336 14.36 7.11 4.74 3.57 7 .22, d 7.11 cpa 7 .10 only
Ak-338 14.48 7.10 4.74 3.56 7.12, d 7.11 cpa 7 .10 only
Ak-34G 14,48 7.10 4.75 3.66 cpa 7.13 cps -
Ak-387b 14.62 7.22 4.75 3.55 7.09, d 7.11 cps -
Ak-40?a 14.38 7.10 4.74 3.55 cpa 7.13 cps -
Ak-/|40 14.70 7.13 4.76 3.55 cpa 7.11 cps 7.16, 7.65
A k -498 14.38 7.11 4.73 3.53 cps 7.10 cps -
Ak-535 14.24 7.10 4.73 3.53 7.06 7.10 cps 7 .10, 7.43
Ak-567 14.36 7.10 7.74 3.54 7.07 7.(9 cps “
Ak-62C 14.24 7 .1c 4.74 3.55 cps 7.09 cps 7.15, 7.59
Ak-641 14.27 7.09 4.74 3.52 cps 7.09 cpa -
Ak-686 14.48 7.21 4.7) 3.56 7.05, d 7.13 cps 7.13, 7.59 i
Appendix 8.? - continued
Sp No Untreated run /60J^7//50^ A® of Chlorite/Kaolinite
(COL) (002) (003) (004) HCl EG 600 °C DMSO Ch K
Ak-718 14.48 7.10 4.74 3.54 7 .12. d 7.09 cps
Ak-734 14.38 7.11 4,74 3.54 7.07 7.10 cps 7 .1 3 , 7.62
Ak-739 14.38 7.11 4.74 3.54 7,10 7.07 cps 7.10, 7.59
Ak-741 14.24 7.11 . 4.74 3.55 7.10 7.11 cps -
Ak-742 14.48 7.16 4.73 3.56 .7.08 7.07 cps 7 .10, 7.68
Ak-748 14.48 7.10 4.74 3.53 cps 7.11 cps 7.07 only
Ak-752 14.24 7.15 4.74 3.56 7.05 7.11 cps 7 .0 5 , 7.55
Ak-763 14.24 7.11 4.74 3.54 cps 7.05 cps 7.13 only
Ak-769 14.24 7.10 4 .7 4 3.55 7.14 7.13 cps 7.07 only
N B  Locality and Grid references are of the specimens given in Appendix 7.1.
d i depiGGsed 
cps « col lapsed
Al'PlîiNiJlX No 0.8: Electron probe microanalyses 
of pumpellyite
1 A k  8 0 a 2 A k  4 1 2 5 Ak 337
G i O p 5 6 . 3 1 51.09 6 9 . 6 0
16. 6 1 1 5 . 5 3 1 3 .16
FeO* 5 . 4 2 5.45 1 .5 5
T i O 1. 2 4 0 . 7 8 0 . 0 1
M g O 4 . 2 3 3.70 3.53
M n O 0 . 0 9 0 . 1 1 0 . 0 8
K ^ O 0 . 7 5 0.54 1.84
FoO - “ -
C a O 4 . 1 5 9.95 3 . 0 2
N a g O 7.65 ' 6 . 2 2 5.19
T o t a l 9 6 . 4 4 9 4 .2 5 95.78
♦All i r o n  as Fe O
Iona b a s e d  on 26 o x y g e n s
Si 8.76 8 .4 5 1 0 . 2 6
Al 5.05 2.98 2.29
Fe 0 . 7 0 0.74 0.19
Ti 0 . 1 5 0 . 1 0
M e 0.98 0 .9 2 0.75
M n 0.01 0 . 0 2 0 . 0 1
K 0 . 1 4 0 . 1 1 0 .35
F - - -
C a 0.69 1 . 7 3 0 . 4 8
Na 2.3 1 1 . 9 6 0.91
T o t a l 1 6 . 8 0 17 .01 15.23
APPENDIX 8*9: Electron probe microanalyses of prehnite ■
1 Ak $^8 2 Ak 558 5 Ak 80-b 4 Ak 80-b
8iOg 54.25 . 79.97 42.94 4 5 .5 2
AlgO^ 19.00 8.56 22.62 25 .68
EeO* OolO 0.12 1.85 1 .5 7
MgO 0.01 0.05 0.01 0.22
MnO 0.04- 0.04- 0.05 0 .0 5
CaO 21.57 9.52 26.06 24 .14
Total .95.02 98.12 95.58 94.25
*A11 iron as FeOIons based on 25 oxygens
Si 8.55 11.25 7.18 7 .1 9
Al 5.52 1.58 4.46 4.62
Fo 0.01 0.01 0 o 26 0 .2 5
Mg 0.01 0.01 -
Mn 0.01 ^ 0.00 0.01
Ca 5.65 1.4-5 4.67 4.28
Total 15.72 14.09 16.60 16.59
Apt’iNUIX Ho V.IU tluctturi piubu nictuiitiulyuua of tl’lurilDi
1 At
«U-d
2 Ak 1 Ah 5 Ak 7 Ak 214
II Ak 
31,5 3 III' 380
|2  Ak
■J II.
13 Ak 316 337*'"
15 Ak 
159
16 Ak 
159 17 Ak759 19 Ak
S lO j 32 .14 21.73 24.64 24.17 27.97 24.36 34.21 29.73 28.98 25.08 29.20 29.80 27.33 22.60 29.88 23.23 27.84 29.04 28.72
A l^ O j 1«.4<J 21.13 19.76 20.45 15.70 20.92 20.90 14.15 15.72 17.65 17.15 13.77 21.77 17.13 17.77 21.42 17.50 16.47 17 .C l
r« (i* 23 .32 29.43 30.23 3) .77 27.01 10.97 21.11 23.07 32.35 24.43 26.25 10.42 22.73 15.38 31.42 26.99 23.91. 20.35
I lO j 0 .1 2 0 .0 5 0,04 0 .0 4 - 0 .0 2 - 0 .0 3 0 .0 4 - - - - - 0 .0 2 0 .0 } - -
KgD 10.19 11.52 12.112 10.14 14.52 10.73 18.19 19 .83 16.72 10.88 15.16 16.70 2 5 .8 0 17.48 2 2 .60 2.78 1 3 .47 16.08 19.97
1 .0 0 0 .3 6 0,54 0.38 0.3 2 0.33 0 .2 3 0 .3 1 0.38 0 .2 5 0.23 0.26 0 .1 8 0 .2 4 0 .0 7 0 .4 6 0 .2 8 0.21 0 .2 0
K ,0 1 .9 6 0 .0 0 - 0 .0 0 - - 2 .8 8 0 .0 2 0 .0 5 0 .0 4 0 .5 2 0 .0 1 - 0 .0 6 0 .0 1 - 0 .2 7 0 .1 6 0 .0 1
N *;0 0 .5 1 0 .0 2 0 .0 1 0 .01 0 .0 6 0 .0 1 0.04 0 .0 4 0 .0 5 0 .0 2 0.05 0 .0 7 0 .0 1 0.04 0 .0 2 0 .0 1 0.01 0 .0 6 0 .0 2
CaO 0 .1 7 0 .0 1 0 .0 2 0 .0 2 0 .1 5 0 .0 4 0 .0 9 0 .1 6 0 .4 5 0 .0 3 0 .19 0 .11 - 0 .14 0 .09 - 0 .2 2 0 .23 0 .2 2
T o t i i l 87 .44 8 6 .30 67 .32 86.99 66.57 87.27 87.54 6 5 .35 85.44 86 .37 86.94 86.98 85.52 86.75 65.83 86.04 66.61 86.21 65.51
!ons ba 
* A l i  J
•  otl on 26 oxygono 
ton OB F(SO
S i 6 .7 1 5 .2 3 5 ,4 0 5.34 6 .0 6 5.33 6.66 6 .3 0 6 .2 0 5.62 6.71 6.36 5 .4 5 6 .0 5 6 .07 5 .19 6 .0 0 6 .1 7 6.04
A l 4 .5 5 5 .49 5 .09 5.33 4 .0 1 5 .4 0 4 .8 0 3 .5 3 3 .9 6 4 .6 6 4.27 3.46 5 .1 2 4 .2 3 4 .25 5.64 4 .4 5 4 .1 3 4.21
F» 4 .0 7 5 .4 2 5 .5 2 5.88 5.04 5.64 1 .7 8 3 .7 4 4 .1 3 6 .06 4 .32 4 .6 9 1.74 3 .9 9 2.61 5.01 4 .8 6 4 .2 6 3.58
T l - 0 .0 2 0 .01 0.01 0 .01 - 0 ,01 oioQ - 0 .0 0 0 .0 1 - - - - - - - - -
Hg 3.17 3 .7 9 3 .9 2 3 .34 4 .6 9 3 .5 0 5.28 6 .2 6 5.33 3.63 4 .7 7 5.31 7 .6 6 5 .4 6 6.84 3 .2 6 4 .3 3 5 .09 5.94
Kn 0 .1 7 0 .0 7 0 .1 0 0 .0 7 0 .0 6 0 .0 6 0 .04 0 .0 6 0 .0 7 0 .0 5 0.04 0 .0 5 0 .0 3 0.04 0 .01 0 .0 9 0 .0 5 0 .0 4
K 0 .5 2 0 .0 0 - G.DD - - 0 .71 0 .01 0 .0 1 0.01 0.14 0 .0 0 - 0 .0 2 - - 0 ,0 7 0.04 .
No 0 .0 2 0 .0 1 0 .0 1 0 .0 0 0 .0 4 0 .0 0 0 .0 2 0 .0 2 0 .0 2 0 .0 1 0 ,0 2 0.03 0 .0 0 0 .0 2 0 .01 0 .0 1 0 .0 1 0 .0 2 0 .0 1
Ca 0 .36 0 .0 0 0 .0 1 0 .0 0 0.04 0.01 0 .0 2 0 .0 4 0 .1 0 0 .0 1 0.04 0.03 - 0 .0 3 0 .0 2 - 0 .0 5 0 .05 0 .0 5
T o ta l 19 .27 2 0 .0 2 20.06 19.99 19.95 19.96 19.31 1 9 .95 19.84 20,06 19.78 19.83 20 .00 19.85 19.82 2 0 .0 0 19.62 19.61 19.87
20 Ak 
3
21 Ak 
764
22 Ak 
45
23 Ak 
45 24 Ak 214
25 Ak 
214
26 Ak 
214
27 Ak
85
28 Ak 
05 29 Ak
30 Ak 
654-6
31 Ak 
654-0
SiO^ 28.71 35.91 25.72 26.38 29.60 28.62 24.91 31.57 26.74 29.91 28.40 27.23
A l^O ^ 17.43 16.26 1 9 .61 21.77 17.95 17.68 20.04 1 6 .57 19.44 17.84 18.02 16.79
FflD* 21 .25 13.36 22.26 26.97 20.27 21.21 30.98 16.15 25.43 23 .97 20,56 25.09
T ia , - -  . 0 .0 3 0 .1 0 0 .04 0 .0 ? 0 .1 0 0 .0 2 0 .0 5 0 .0 4 0.03
HgO 10.05 15.43 17.57 10.09 17.84 18.28 11.31 18.20 14.28 14.23 19,37 14.79
HnO 0.19 0 .1 6 0.04 0 .2 6 0 .1 6 0 .1 9 0.24 0 .1 5 0 .1 5 0 .1 6 0 .2 6 0 .3 2
0.04 3 .4 7 0 .0 1 0 .8 3 0 .3 0 0 .1 7 0.01 0 .4 2 0.44 0 .1 7 0 .04 0.11
KogO 0.0 3 0 .0 6 0 .0 1 0.15 0 .0 2 0 .0 4 0 .0 1 0 .0 5 0 .0 0 0 .0 6 0.01 0 .0 2
CaO 0.2 6 0 .0 9 0 .0 1 0 .0 2 0 .1 7 0 .1 7 0 .0 2 0.39 0 .0 2 0.38 0.09 0 .0 9
T o ta l 65 .90 66,75 8 5 .60 8 7 .00 66.47 86.39 87.63 8 5 .52 86.57 86.78 86.78 86.48
lono  based on 28 oxyguno 
•  A l l  ij to n  ao feO
S i 6 .03 7 .1 4 5.48 5.65 6.14 5.98 5.43 6 .5 2 5 .7 2 6 .28 5.89 5.81
A l 4 .3 1 4.26 4 .9 3 5.51 4 .3 8 4 .3 5 5 .15 4 .0 3 4 ,9 0 4 .4 1 4 .4 0 4 .7 3
Fa* 3 .7 3 2 .2 2 3 .9 7 4 .6 5 3.51 3,71 5 .6 5 3 .1 3 4 .5 5 4 .2 1 3.56 4 .78
T l . - 0 .0 1 0 .0 1 0.01 0 .0 0 0 .0 2 0 .0 0 O .O l 0 .0 1 0 .0 0 0.01
Hg 5.64 4 .5 7 5.59 3 .3 5 5 .5 0 5.69 3.67 5 .6 0 4 .5 5 4 .4 5 5.96 4 .7 0
0 .0 3 0 .0 3 0 .0 7 0 .0 5 0 .0 3 0 .0 3 0 .0 5 0 .0 3 0 .0 3 0 .0 3 0 ,0 5 0 .0 6
K 0 .0 1 0.68 0 .0 0 0 .2 3 0 .0 8 0 .0 5 0 .0 0 0 .1 1 0 .1 2 0.05 0.01 0 .0 3
Na 0 .0 1 0 .0 2 0 .0 0 0 .0 6 0 .0 1 0 .0 2 0 .0 0 0 .0 2 0 .0 0 0.03 0 .0 0 0 .0 1
Ca 0 .0 6 0 .0 2 0 .0 0 0 .0 0 0.04 0 ,04 0 .0 1 0 .0 9 0 .0 1 0 .0 9 0.02 0 .0 2
l ü t a l 19.63 19.17 20.05 19.72 19.71 19 .87 19.98 19.53 19.69 19.55 19.92 19.84
'W
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APPfïJDIX 8.12 Electron probe Pilcroanalyses of pyroxenon 
Falahill Formation
Sp Ho AX 5J8 Sp No AK 80-a Sp No AK 80-b
1 2 3 1 2 3 4 1 2 3 4 5
SlOg 52.18 50.65 50.57 49.32 50.57 48.6:1 51.04 49.12 50.67 50.90 52.19 50.32
TiOg 0.25 0.64 0.73 1.18 0.98 1.27 0.6) 0.46 1.21 0.29 0.36 1.2.4,^
AlgOj 2.27 2.75 3.06 3.90 2.84 4.60 2.6) 6.12 2.57 2.2) 1.64 2.71
0.51 0.0) 0.49 0.01 0.01 0.01 0.0? 0.4) 1.15 0.02 0.15 0.1)
FeO' 5.44 6.49 4.56 6.90 7.15 7.18 9.74 4.25 8.48 9.0) 6.55 8.68
MnO 0.19 0.18 0.10 0.17 0,34 0.20 0.28 0.35 0.21 0.46 0.19 0.24
MgO 17.30 15.55 15.66 14.22 15.14 14.47 15.)) 15.15 14,81 14.92 17.28 14.79
CaO 20.88 19.04 22.6) 21.90 21.48 21,91 19.16 22.66 20.13 19.04 19.87 19.91
HagO 0.28 0.26 0.32 0.40 0.40 0.4C 0.52 0.16 0.39 0.47 0.13 0.58
Total 99.09 95.61 98.12 98.01 98.80 98.89 99.20 93.45 98.63 97.37 98.38 98.39
Humbei* of oins based on 6 oxygens
Si 1.93 1.94 1.90 1.87 1.9c 1.84 1.92 1.83 1.91 1.94 1.95 1.90
Al 0.10 0-12 0.14 0.17 0.1) 0.20 0,19 0.27 0.11 0.10 0.07 0.12
Ti 0,01 0.02 0.03 0.0) 0.03 0.04 0.02 0.01 0.0) 0,01 0.01 O.C/l
Kn 0.01 0.01 0.00 0.01 0.01 C.Ol 0.01 0.00 0.01 C .02 0.01 0.01
Fo 0.17 0.21 0.14 0.21 0.22 0.23 0.31 0.13 0.27 0.29 0.21 0.27
Cr 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Kg 0.95 0.89 0.88 .0.80 0.84 0.81 0,86 0.84 0.8) 0.85 0.96 0.83
Ca 0.83 0.78 0.91 0.89 0,86 0.68 0.77
0.02
0.91 0.81 0.78 0.79 0.81
Na 0.02 0.02 0.02 0.0) 0.03 0.03 0.01 0.03 0.04 0.01 0.03
Total 4.02 3.99 4.02 4.03 4.03 4.04 4.02 4.03 4.02 4.02 4.01 4.02
AlIV 0.07 0.06 0.10 0.15 0.10 0,16 0.08 0.17 0,09 0.06 0.05 0,10
AlVI 0.0) 0.06 0.04 0.04 0.03 0.04 0.08 C.IO 0.02 0,04 0.02 0.02
Fl“ -0.79 -0.79 -0.84 -0.87 -0.87 -0.87 -0.81 -0.8) -0.87 -0.30 -0.78 -0.86
■F# -2.4) -2.42 -2.38 -2,39 -2.43 -2.40 -2.46 -2.46 -2.46 -2.44 -2.45 -2.46
Total iron as FeO
FI and P2 calculated after Nisbet & Fcarcc (1977)
APl'iûMDIX 8.12 ; Klectron probe fflicroanalysea of pyroxenes - continued
2 HAZKI.BANK FORMATION
S p  Ak-2 -C S p  Ak-412
1 2 5 4 1 2 3 4 5
S i O g 5 1 . 5 6 50.20 5 1 . 9 3 5 0 . 5 1 5 0 . 2 1 5 1 . 4 2 55.54 5 0 . 3 2 50.69
T i O g 0 . 6 2 0 . 6 5 0 . 4 1 0.65 0 . 7 0 0,59 0 . 5 0 0.47 0 . 6 9
A l g O ^ 2 , 7 5 3 . 7 4 1. 7 1 5 . 6 5 2 . 0 8 2.52 0 . 5 6 5.52 1. 9 5
- 0 . 2 6 0 . 0 1 0 . 0 8 0 . 0 3 0 . 3 0 0 . 0 2 0 . 4 0 0 . 0 4
F e O 8 . 6 8 7 . 4 1 8 .2 5 7 . 2 2 1 2 . 0 5 5 . 9 5 3 . 4 6 6 . 4 3 1 1 . 8 5
M n O 0 . 3 5 0 . 1 8 0.59 0 . 1 7 0 . 3 8 0 . 1 7 0 . 1 1 0 . 1 8 0 . 3 5
M g O 1 5 . 5 4 15.02 1 5 .1 2 1 4 . 9 2 1 4 . 3 4 1 6 . 4 5 1 6 . 2 2 1 5 . 5 0 1 4 . 3 0
C a O 20.17 21.32 2 0 . 8 7 1 9 . 1 6 1 8 . 0 5 2 0 . 9 2 2 5 . 1 4 21.65 1 8 . 6 0  '
M U g O 0 . 3 0 0.29 0 . 4 4 0.25 0.51 0 . 3 5 0.05 0 . 3 5 0 . 3 4
T o t a l 9 9 . 5 7 99.06 99.15 9 6 . 5 8 98.17 9 8 . 4 5 98.95 9 8 . 4 3 9 8 . 8 2
N u m b e r  o f  I o n s  b a s e d  o n  
♦ A l l  i r o n  as F e O
3 o x y g e n s  ;
S i 1 . 9 2 1 , 8 8 1.95 1. 9 2 1.92 1.9 2 1. 9 8 1 . 8 9 1.95
T i 0 . 0 2 0 . 0 2 0 . 0 1 0.02 0.02 0. 0 1 0 . 0 0 0 . 0 1 0 . 0 2
A l 0 . 1 2 0.17 0 . 0 8 0 . 1 6 0.09 0 . 1 1 0 . 0 2 0 . 1 5 0.09
C r 0.01 0.00 0.00 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 1 0.00
Fo 0 . 2 7 0,25 0 . 2 6 0.25 0.59 0.19 0.01 0 . 2 0 0.58
M n 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1
M g 0 . 8 5 0 . 8 4 0 . 8 4 0 . 8 5 0 . 8 2 0 . 9 2 0 . 9 0 0 . 8 6 0 . 8 1
C a 0 . 8 1 0 . 8 6 0.84" 0.78 0,74 0 . 8 4 1 . 0 0 0 . 8 7 0 . 7 6
N a 0 . 0 2 0.02 0 . 0 3 0.02 0.02 0 . 0 2 0 . 0 0 0.05 0 . 0 2
T o t a l 4 . 0 2 4.05 4 . 0 2 3 . 9 9 4 . 0 2 4 . 0 2 4 . 0 2 4 . 0 3 4 . 0 2
A l I V 0 . 1 0 0 . 1 2 0 . 0 8 0 . 0 8 .0.08 0.08 0.02 0.1Ï> 0..07
A l ^ 0 . 0 4 0.05 0 . 0 3 0 . 0 8 0 . 0 1 0 . 0 3 - 0 . 0 4 0 , 0 2
*^F1 - 0 . 8 3 - 0 . 8 2 -0.84 - 0 . 7 9 -0.81 - 0 , 8 0 - 0 . 8 4 -0.81 - 0 . 8 2
*2j.g - 2 . 4 7 -2.40 - 2 . 4 5 -2.45 - 2 . 4 4 - 2 . 4 1 -2.38 -2.58 -2.45
2* F I  and F 2  c a l c u l a t e d  a f t e r  N i o b e t  &  P e a r c e  (1^77) (see t e x t )
APFKI^DIX 8. 1 2 ; Electron probe microanalysea of pyroxeneo - continued
2 IIAZ.KT.liANK FOIÎTIATTON - cont
A k  S o  A k - 5 6 8 _ S p _ A k - . m o _
1 2 3 4 5 1
S i O g 5 1 . 5 8 4 9 . 1 8 5 0 .3 2 5 0 .5 4 52 .2 5 4 8 . 4 1
T i O g 0 . 5 7 0 . 8 4 0 . 8 2 0 .5 5 0 .7 4 1 .2 3
A l g O j 1.8 1 5 . 4 4 5 .1 2 3 .4 7 1 .9 2 4 . 6 2
C r g O j 0 . 0 2 0 . 0 5 0 .0 5 0 . 1 1 0 . 0 1 - j
F e O * 1 0 . 1 6 7 . 9 8 9 . 5 6 7 . 3 8 8 . 8 1 8 . 2 4
M n O 0 . 4 2 0 . 1 8 0 .2 3 0 . 1 8 0 . 5 5 0 . 2 1 ;
M g O 1 4 . 5 9 1 5 . 9 6 1 3 . 8 9 1 5 . 3 6 15 .3 3 1 5 .8 8
C a O 1 9 . 8 5 1 9 . 9 7 2 0 . 8 7 2 0 . 5 7 2 0 .5 1 2 0 . 8 2
N a g O 0 . 3 0 ■ 0 . 5 1 0 . 3 8 0 . 5 3 0 .2 9 0 . 4 4
T o t a l 9 9 . 5 1 9 7 . 9 0 9 9 .2 5 9 8 . 2 9 1 0 0 . 0 1 9 7 . 8 4 1
N u m b e r  of  i r o n s  b a a e d  on  6  o x y g e n s  
* A l l  i r o n  as F e O
Si 1 . 9 4 1 . 8 6 1 .9 0 1 .9 0 1 .9 4 1.8 5
T i 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 2 0 . 0 4
A l 0 . 0 8 0 . 3 4 0 . 1 4 0 .1 5 0 . 0 8 0 . 2 1 Ï
C r 0 . 0 0 0..00 0 . 0 0 0 . 0 0 0 . 0 0 -
F e 0 . 5 2 0 . 2 5 0 . 3 0 0 .2 5 0 .2 7 0 . 2 6
M n 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1
M g 0 . 8 2 0 . 7 8 0 . 7 8 0 . 8 6 0 . 8 5 0 .7 9
C a 0 . 8 0 0 . 8 1 0 . 8 4 0 . 8 2 0 . 8 1 0 . 8 5
N a 0 . 0 2 0 . 0 2 0 .0 5 0 . 0 2 0 . 0 2 0 .0 3
T o t a l 4 . 0 2 4 . 0 1 4 .0 5 4 . 0 2 4 . 0 1 4 . 0 4 i
A l I V 0 . 0 6 0 . 1 4 0 . 1 0 0 . 1 0 0 . 0 6 0 .1 5
i
' I
A l V I 0 . 0 2 0 . 2 0 0 . 0 4 0 .0 5 0 . 0 2 0 . 0 6
*"^F1 — 0 . 8 4 - 0 . 8 1 - 0 . 8 5 - 0 . 8 0 - 0 . 8 5 - 0 . 8 5 1
*2pg - 2 . 4 7 - 2 . 4 1 - 2 . 4 2 - 2 . 4 1 -2 ,5 1 - 2 . 5 9
■j
T o t a l  i r o n  as F e O
F I  a n d  F 2  c a l c u l a t e d  a f t e r  N i s b e t  &  P e a r c e  (1977)
Appendix 8.13
E l e c t r o n  p r o b e  m i c r o a n a l y s e s  of a m p h i b o l e s  - F a l a h i l l
A k - 3 3 8 A k - 8 0 - a A k —8 0 — b
1 2 3 4 5 6 7 8 9 10
S i O g 4 7 . 4 2 4 0 . 6 8 4 2 . 6 2 4 2 . 0 2 4 0 . 3 5 42.87 42.92 4 2 . 1 4 4 5 .8 1 42.05
T i O g 6 . 8 7 2.06 1.68 3 . 3 4 1 . 9 5 2.74 2 . 4 6 2 .7 4 2.21 0.32
AlgO^ 7 . 5 4 1 2 . 4 1 1 1 . 7 8 11.76 9.75 10.4/^ 1 0 . 6 3 1 1 . 8 7 8 . 3 7 1 2 .4 5
F e O * 1 5 . 5 9 1 3 . 3 7 13.65 1 2 . 2 5 1 4 , 9 3 11.25 12.10 1 0 . 8 8 1 1 .27 1 9 .1 2
M n O 0 . 3 2 0.17 0 . 2 4 0.20 0.26 0.32 0. 20 0.12 0 . 1 5 0.12
M g O 1 3 . 9 0 1 2 . 6 4 13.07 1 3 . 3 9 1 3 . 7 1 14.27 1 4 . 0 8 1 4 . 6 4 15 .35 9 . 0 4
C a O 1 2 . 0 3 1 1 . 3 3 1 1 . 1 6 1 1 . 1 9 8.91 11.22 1 1 . 1 7 1 1 . 0 8 1 1 . 1 2 6 .3 7
N a g O 0 . 7 5 2.26 2.27 2.24 1.5 2.23 2.21 2 .3 9 2 . 0 2 4 . 1 4
K g O 0 . 5 5 0 . 8 7 0 . 5 7 1 . 0 5 0.71 0.96 0.50 0.89 0.87 0.36
F g O 0 . 0 3 0 . 1 0 0 . 1 8 0 . 1 3 0.17 0 . 1 6 0 . 2 1 0.19 0.27 0 . 2 2
T o t a l 96.67 9 5 . 9 1 9 7 . 2 2 96.59 92.25 96.47 96.50 96.95 9 7 .4 5 94.23
♦ A l l  i r o n  as F e O  
♦ Ion s  b a a e d  on  2 2  o x y g e n s
Si 6 . 7 2 5 . 9 1 6 . 0 8 6 . 0 3 6 . 1 0 6 . 1 2 6 .1 3 6 .9 7 6 .4 5 5 . 2 8
T i 0 .0 9 0 .2 3 0 . 1 8 0 . 3 6 0 . 2 2 0 .2 9 0 . 2 6 0 .2 9 0 .2 3 0 . 0 4  ■
A l I V 1 .2 3 2 .0 9 1 .9 2 1 . 8 2 1 .7 4 1 . 7 6 1 .7 9 1 . 9 8 1 . 3 9 1 .7 2
A l V I - 0 . 0 4 0 . 0 6 - - - - 0 . 4 8
1 .5 9 1 . 6 2 1 . 6 3 1 .4 7 1 . 8 9 1 .3 4 1 .4 5 1 .2 9 1 .3 2 2 .3 9
Fe^'*'* 0 . 2 4 4 0 . 1 8 0 0 . 1 1 4 0 . 0 0 0 . 5 4 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
F e ^ + 1 . 4 0 6 1.511 1 . 5 8 4 1 .5 3 7 1 . 4 1 1 1 . 4 0 5 1 .5 11 1 .3 4 9 1 . 3 8 4 2 .4 9
M n 0 . 0 4 0 . 0 2 0 .0 3 0 . 0 2 0 .0 3 0 . 0 4 0 . 0 2 0 . 0 1 0 . 0 2 0 . 0 2
M g 2 . 9 3 2 .7 4 2 . 7 8 2 . 8 6 3 .0 9 3 . 0 4 3 .0 0 3 .0 9 3 .2 1 2 . 0 1
C a 1 . 8 3 1 . 7 6 1 .7 1 1 .7 2 1 . 4 4 1 .7 2 1 .7 0 1 . 6 8 1.6 7 1 . 0 2
N a 0 . 2 1  • 0 . 6 4 0 . 6 3 0 . 6 2 0.4^i 0 . 6 2 0 . 6 1 0 . 6 6 0 .5 5 1 . 2 0
K 0 . 1 0 0 . 1 6 0 . 1 0 o.]9 0 . 1 4 0 .1 7 0 .0 9 0 . 1 6 0 . 1 6 0 .0 7
P 0 . 0 1 0 .0 5 0 . 0 8 0 . 0 6 0 . 0 8 0 .0 7 0 . 1 0 0 .0 9 0 . 1 2 0 . 1 1
T o t a l 1 4 . 7 7 15 .25 1 5 .2 0 1 5 .1 7 1 5 . 1 8 1 5 .1a 1 5 .1 7 1 5 .2 4 1 5 .1 9 15 .53
A p p e n d i x  8 . 1 3  - c o n t i n u e d
E l e c t r o n  p r o b e  m i c r o a n a l y s e s  of a m p h i b o l e s  - H a z e l b a n k
A k - 2 - c A k - 4 1 2 A k - 3 6 5 A k  580
11 12 13 1 4 15 16 17 18 19 2 0
S i O g 4 8 . 3 1 4 2 . 5 7 5 0 . 7 5 4 1 . 6 4 VI-. 10 4 0 . 3 6 5 0 .8 6 4 3 .5 7 4 6 . 5 6 4 6 . 8 2
T i O g 0 . 3 6 1 . 9 1 0 . 4 8 1 .1 1 1 . 6 3 2 . 1 7 0 . 3 1 1 .7 3 1 . 6 7 3 .0 3
A l g O j 7 . 8 3 1 3 . 8 1 5 . 1 7 1 4 . 4 6 9 . 7 8 1 3 . 4 0 4 . 8 2 1 0 .5 2 7 .2 5 1 2 . 1 9
F e O * 1 2 . 3 3 9 . 5 4 1 1 . 9 1 1 0 . 1 6 1 2 . 1 2 1 4 . 1 7 -12.39 1 3 . 8 9 1 4 . 4 5 11 .0 5
M n O 0 . 2 4 0 . 1 4 0 . 2 6 0 . 1 3 0 . 3 2 0 . 2 2 0 . 3 3 0 .3 0 0 .3 9 0 .1 5
M g O 14.66' 1 4 . 3 3 1 6 . 4 3 1 4 . 1 2 1 4 . 6 6 1 2 . 1 7 1 5 . 3 8 1 3 .1 9 1 3 . 3 8 1 4 . 0 3
C a O 1 1 . 4 1 1 1 . 7 7 1 0 . 7 8 1 1 . 6 9 1 0 . 7 6 1 1 . 4 6 1 1 . 4 3 1 0 .9 9 1 1 .51 1 1 . 5 8
^ ^ 2 ^ 3 1 . 5 1 2 . 7 0 0 . 5 5 2 . 4 9 2 . 4 0 2 . 4 1 0 . 4 5 2 . 0 9 1.3 1 2 . 3 6
K g O 0 . 0 2 0 . 0 5 0 . 0 8 0 . 0 1 0 . 5 4 0 . 6 6 0 . 1 1 0 . 6 4 0 .7 0 1 . 0 5
F g O 0 . 6 6 0 . 0 3 0 . 0 2 — 0 . 1 1 0 . 3 5 0 . 0 3 0 . 1 1 0 . 1 0 0 . 1 1
T o t a l 9 6 . 5 4 9 6 . 8 6 9 5 . 4 5 9 6 . 8 2 9 7 . 4 2 9 6 . 3 6 9 7 . 1 2 9 7 . 0 4 9 7 . 1 2 9 6 . 3 6
* A l l  i r o n  as F e O
* Ions b a s e d  o n  22 o x y g e n s
Si 6 . 7 7 5.96 7.06 5.91 6.28 5 .8 1 7.13 6.22 6.62 5.85
Ti 0.04 0 .2 0 0 .0 5 0 . 1 2 0 .1 7 0.24 0.03 0 .1 9 0 . 1 8 0.33
AlIV 1 .2 3 2 . 0 4 0.85 2.09 1 . 6 4 2 .1 9 0 . 8 0 1 .7 7 1.2 2 2.06
A l ^ I 0 . 0 6 0 . 2 4 — 0.33 _ 0.08 . — ~ ~ “
fçtot. 1 .4 5 1.1 2 1.39 1 . 2 1 1 . 4 4 1 .7 0 1 .4 5 1 . 6 6 1 .7 2 1 .3 5
Fe^'^ 0.039 0 . 0 0 0 . 1 1 6 0 . 2 4 2 0 . 0 0 0 . 2 4 4 0 .0 7 9 0 . 0 4 0 0 . 0 0 0 . 0 0
F e ^ + 1 .4 71 1 . 1 6 8 1 .3 2 9 1 . 0 1 1 1 .5 1 0 1 .5 2 9 1.436 1.692 1.797 1 .2 05
M n 0.03 0 , 0 2 0.03 0.02 0 . 0 4 0 .0 3 0.04 0 . 0 4 0.05 0 . 0 2
M g 3 . 0 6 2 . 9 9 5.4 1 2.98 3 .1 1 2 . 6 1 5 .2 1 2 . 8 1 2 . 8 4 3.00
C a 1 .7 2 1.76 1.6 1 1.78 1 . 6 4 1. 7 7 1 .7 2 1. 6 8 1 .7 2 1.7 8
N a 0.36 0.73 0.15 0 . 6 8 0 . 0 6 0 . 6 7 0 . 1 2 0.58 0.36 0 . 6 6
K *• 0 . 0 1 0 . 0 2 0 . 1 0 0 . 1 2 0 . 0 2 0 . 1 2 0 .1 3 0 . 1 9
F 0 .0 5 0 . 0 1 0 . 0 1 - 0 .0 5 0.16 0 . 0 1 0 .0 5 0 .0 5 0.05
T o t a l 1 4 . 7 5 15.09 1 4 . 5 7 15 .1 2 15.16 15.38 14. 5 3 15.11 1 4 . 0 0 15.27
3+Fe"^ c a l c u l a t e d  u s i n g  t h e  c h o r g e  b a l a n c e  e q u a t i o n  of P a p  ike et a h  (1974)
;j-*pl^jinx 8 . 1 4  E l e c t r o n  p r o b e  m i c r o a n a l y a e e  o f  g l a u c o p h a n e  
Ku 1 (ih i n  ]'‘o nim t, 1 on
Ak-338 A k  8 0 - a A k — 8 0 —b1 2 3 4 5 6
U i O g 5 2 . 5 46.35 5 4 . 3 8 50.98 52.37 54.13
T i O g 0 , 7 7 0 . 1 8 0 .0 5 0 . 1 4 0 . 1 2 0 . 0 4 1■]
A l g O ^ 7 . 8 1 1 1 . 1 0 8.94 9.93 8.57 6 .7 2 1
F e O * 17.25 19.7) 18.19 1 7 .0 0 15.54 18.29
]M n O 0 . 1 8 0 . 1 8 0 . 1 1 0 . 1 1 0.19 0.25
M g O 8.82 7.59 6.18 8 . 4 0 9 .7 2 8.32
C a O 1.8 0 5 .7 1 0.76 2 . 1 2 3.35 1.11
N a g O 6 .4 5 5.54 7 . 0 8 6.26 6.03 6.98
K g O 0.01 0.35 0.07 0.13 0.11 0 .0 3
Fg O 0.06 0 .1 5 0.04 0.09 0.19 0 .0 7
T o t a l 95,65 96.49 95.81 95.16 96.20 95,95
•All i r o n  as F e O  
Io n s  b a s e d  o n  22 o x y g e n s
5
S i 7 . 4 1 6.72 7.63 7.24 7.33 7.63 i
Ti 0.08 0.02 0 . 0 1 0 . 0 1 0.01 - ii
AlIV 0.59 1 . 2 8 0.37 0.76 0 . 6 7 0 .3 7 i
AlVI 0 .7 1 0 . 6 2 1.11 0 . 9 0 0 .7 4 0.75 !
p ^ o t * 2 . 0 4 2 .3 9 2 .1 3 2 . 0 2 1 . 8 2 2.16
Fe^'*' 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0
Fe^'*' 2 . 1 2 2 .5 0 2 .2 5 2 . 1 1 1 .9 0 2 .2 5
M n • 0 . 0 2 0 . 0 2 0.01 0.01 0 . 0 2 0 .0 3
M g 1 . 8 5 1 . 6 0 1.29 1 . 7 8 2 , 0 2 1.75
:4:
C a 0 .2 7 0.89 0.11 0 .3 2 0.50 0.17 i
N a 1.76 1 .5 0 1.93 1 .7 2 1 . 6 4 1.91
K - 0 . 0 6 0 . 0 1 0 . 0 2 0 . 0 2 0.01
F 0.03 0.07 0 . 0 2 0.04 0.08 0.03
T o t a l 1 4 . 7 7 15.17 1 4 . 6 2 1 4 . 8 4 14.87 14.80 4
F e ^ ’*' c a l c u l a t e d  u s i n g  t h e  c h a r g e  b a l a n c e  e q u a t i o n  o f  P a p  ike 
et al. 1974.
ÂrjlUULULilÜà BklSi tlaotroo prob# Micfu«neily«ita of whit* mica NB 12* Zi 2*, 6 and 6* *r# piahnit# gfwwn within mica r a »#.
A k - i ia
1 la
2 Ah 2a Ak 
80-^
3 Ak 5 Ak
2C
6 Ak 
BO-b
6a Ak 
80-b
7 Ak 412
8 Ak 
365
9 Ak
370
10 Ak 
380
» iu , AS .IV 4 3 .6 0 44,01 46.41 41 .32 49.51 46.25 42.84 43.13 49.38 50.29 46 .4 2 4 5 ,82
M jO , 16.6 23.59 2 4 .0 0 26.69 25.77 3 3 .90 33,78 23,10 24.02 27.90 27.31 33.93 32.13
F.O J . Ï1 3.5A 1.76 2 .1 9 4.24 2.19 1 .9 0 1.10 0 .8 7 3 .2 0 2 .2 7 1 .0 7 1.73 «
n o ^ 0 .1 6 0 .1 3 0 .1 3 0 .2 8 0 .2 2 0 .2 0 0 .2 3 0.0 7 0.0 6 0.21 0 .2 0 0 .6 7 0 .4 7
MgO T.VO S.8A 0 .5 9 1 .6 7 3 ,0 2 1.16 0 .8 8 0 ,0 8 0.43 2 .1 7 2 .9 3 0 .9 9 1.61
MnO 0 .0 1 0 .0 5 0 .0 2 0 .0 1 0 .0 2 - - 0 .0 2 0 .23 0.0 1 - 0 .0 1
KjO 1 0 .A l A .69 2 .0 5 6 .6 1 9.9 7 9.14 9 .6 6 0 .0 6 0.31 10.59 9 .3 5 1 0 .40 ■1
NagO 0.0 6 0 .4 2 0 .3 0 0 .6 7 0 .8 2 1 .4 3 0 .9 6 0 .0 3 0 .0 4 0.24 0 .2 2 0 ,9 0 0 .6 5
CaO 0 .0 3 9 .0 3 21.04 9 ,3 8 0 .1 4 - - 26.08 25.24 - - 0.0 5 - ■*
T o ta l 9 Î .6 2 9 1 .10 93.91 93.93 9 2 .52 93.54 93.68 93.38 94.13 93.71 93,09 93 .39 92.82
•  A l l  I r o n  a# fa O ^ Io n * aaaad on 22 oxygana 1
A naLya la  Ma 1 2 2 a 3 4 5 6 6 -a 7 9 10
S i 6 .69 6 .2 5 6 .1 6 6 .3 9 6 .7 3 6.18 6 .2 6 6 .0 5 6.02 6.73 6 .8 1 6 .2 6 6 .2 9 J
A l A .36 3 .9 7 3 .9 6 4 .3 4 4 .2 3 5 .4 3 5 ,3 9 3 .8 5 3 .9 6 4 .4 9 4.36 5 .4 0 5 .2 0
fa 0.A3 0 .4 2 0 .2 1 0 .2 5 0 .4 9 0 .2 5 0 .2 1 0.13 0 .1 0 0.3 7 0.26 0 .1 2 0 .2 0
T l 0 .0 2 0 .0 1 0 .0 1 0 .0 3 0 .0 2 . 0 .0 2 0 .0 1 0 .0 1 - 0.02 0 .0 7 n .n a
«« 0 .6 0 1.24 0 .1 2 0.34 0 .6 3 0 .2 3 0 .1 8 0 .0 2 0 .0 9 0.04 0.59 0 .2 0 0 .3 3
Mn - 0 .0 1 - - - - - - - - - - -
K 1.86 0 .8 5 0 .3 7 1.16 1 .7 7 1.58 1 .6 7 0 ,0 1 0 .0 6 1.84  • 1 ,8 4 1 ,6 1 1.82
Na 0.1 6 0 .1 2 0.08 0 .1 8 0 .2 2 0 .3 8 0 .2 5 0.01 0 .0 1 Ü.07 0 .0 6 0.24 0 .1 7
Ca - 1.38 3 .1 5 1.38 0 .0 2 - - 3 .9 5 3.78 - - 0 .0 1 - 4
T o ta l 1A.12 14.25 14.07 14.08 14.13 14 ,07 13.99 14.03 14.03 13.96 13.94 13.90 14.06
A n a X ya ti Ho 11 Ak 
337
12 Ak
159
13 Ak 
759
14 Ak 
3
15 Ak
764
16 Ak 334 17 Ak 214
18 Ak
85 19 Ak 654
■ S iO j AT.96 45.63 46.27 47.27 44.38 43.63 44.14 46.01 46.33 4
A ljO , 2 6 .3A 33 .82 33.24 27,69 35 .51 25.79 33.45 32.97 32.64 J.
r«o 3.AA 1 .3 5 1 .1 9 4.4 5 1,03 3.93 3 .2 2 2.67 1 .4 6
T iO j 0.A3 1.21 1.23 0 .5 0 0 .0 4 0 ,4 7 0.5 7 0 .3 7 1.37
MgO 2.29 0 .7 6 1.07 2 .1 5 0 .5 6 1.86 1.84 1 .1 0 1 .2 0
MnO - 0 .2 - - - 0.04 0 .0 6 0 .0 5 0 .0 6
KjQ 9.69 10.75 9.39 9 .6 6 7 .9 1 0 .3 4 7 .1 9 9 .7 0 11.00
HajO 0.91 0 .3 9 0 .9 3 1 .0 8 0 .4 9 1.0 2 0 .6 0 1 .1 2 0 .4 8 '3
CaO 0.0 3 0 .0 2 0 ,0 4 - - 0 ,0 6 0 .0 7 0 .0 7 0 ,0 5
T o ta l 93.09 93.96 93.35 9 2 .8 0 0 9 .92 05.15 91,15 94.07 94.59
Io n *  baoad on 
• A l l  i i o n  «•
22 oxygana 
FaO
S I 6 .59 6 .1 8 6 .2 6 5 .5 7 6 .1 5 6.57 6 .1 1 6.24 6 .2 5 '"t
A l A. 59 5 .4 5 .3 0 4 .5 3 5 .0 0 4 .5 0 5 .4 6 5.27 5.19
ra O.AO 0 .1 5 0 .1 3 0 .5 2 0 .1 2 0 .4 9 0 .3 7 0 .3 0 0.16
T l 0 ,0 4 0 .1 2 0 .1 3 0 .0 5 - 0 .0 5 0 .0 6 0.04 0.14
Mg O.AT 0 .1 5 0 .2 2 0 .4 5 0 .1 2 0 .4 2 0 .3 8 0 .2 2 0 .2 4
Mn - - - - - - 0 .0 1 0.01 0 .0 1
K 1 .7 0 1 .8 6 1 ,6 2 1.71 1 .4 0 1 .6 0 1.27 1.68 1,89
Na 0.2A 0 .1 0 0 .2 4 0 29 0 .1 3 0 .3 0 0 .1 6 0.2 9 0 .1 3 4"1
Ca - - 0 .0 1 - - 0 .0 1 0 .0 1 0.0 1 0 .0 1 1
T o ta l 1 4 .OA 13.98 13.91 14 .12 1 3 .72 14 .04 13 .83 14.07 14.03
A PPENDIX a .16 Electron probe microanalysis of biotite
1 Ak 333 2 Ak 370 5 Ak • 337 7 Ak 05 9 Ak 654336 654370
28.01 29.75 28.03 31.2029,27SiO 31.17 32.46 27.38
19.2013.93 16.90 10.8618.53 16.30 16.10
20.43 23.24 23.99FeO» 22.85 25.0418.00 10.73 22.14 11.90
2.32 1.68 3.22 0.12 2.28 2.50TiO. 1.57 1.87 3.17
12.05 17.24 16.12 10.20 15.1219.04 11.98MgO 13.79 5.03
0.29 0.290.34 0.07 0.05 0.19HnO 0.13 0.08 0.11
2.750.24 1.54 0.94 0.56 4.621.03 0.07
0.06 0.160.02 0.13 0.150.10 0.04 0.00 0.03
0,29 0.06 0.12 0.02 0.120.41 0.21 0.050.17CaO
0,230.06 1.23 0.06 0.020.05 0.050.07
90.7206.45 09.0685.61 87.02 93.17Total
Ions based on 23 oxygens
7.06 5.25 4.015.16 5.055.405.00 4.90Si 5.01
3.76 3.733.20 3.443.013.022.06 3.07Al
3.603.211.462.61 3.203.32 2.613.512.97Fe
0.290.010.23 0.410.22 0.21 0.400.30Ti
3.961.27 553.554.26 4.003.05 3.354.94
0.02 0.01 0.02 0.030.04 0.040.01 0.010.05Hn
0.06 0.020.12 0.230.34 0.21 0.58 1.000.05
0.020.32 0.02 0.09 0.080.070.050.01
0,020.020.06 0.010.15 0.030.04Ca 0.08
0.02 0.010.12 0.010.02 0.02 0.400.02Na
16.2116.0316.05 14,5516.17 16.2716.0016.31Total
* All iron as FeO
A P P E N D I X  8 .1 7  E l e c t r o n  p r o b e  m l c r o a n a l y B e s  of C a r b o n a t e
4-
(AK 159) 
1
(A K  759 )  
2
( A K  7 5 9 )  
3
( A K  759)4
(A K  5)
5
(A K  5 7 0 )
6
C a O 5). 4 2 5 2 . 6 2 4 9 .7 1 5 3 .5 2 4 ^ ^ 5 5 4 .4 5
M g O 0 . 0 9 0 . 2 6 0 . 2 8 0 . 6 4 0 .0 5 0 . 6 4
M n O 0 .1 5 0 . 1 5 0 . 4 2 0 . 0 2 0 . 1 2 0 . 0 1
F e O * 0 . 0 9 0 . 2 6 0 . 1 6 0 . 0 2 0 .0 5 0 .0 5
S i O g — 0 . 1 1 4 . 6 5 - 0 .1 7 -
T o t a l 5 3 .7 7 53.37_ 5 5 .9 0 54 .2 1 4 8 . 8 8 5 5 .1 3
I o n s  b a s e d  on t h r e e  o x y g e n s  
* A l l  i r o n  as F e O
C a O 2 . 9 8 2 . 9 5 2 .5 0 2 .9 5 2 . 9 6 2 .9 5
M g 0 . 0 1 0 . 0 2 0 . 0 2 0 .0 5 - 0 .0 5
M n 0 . 0 1 0 . 0 1 0 . 0 2 - 0 . 0 1 -
Fe - 0 . 0 1 0 . 0 1 - -
Si - 0 . 0 1 0 . 2 2 0 . 0 1 -
T o t a l 3 . 0 0 5 . 0 0 2 . 7 8 5 .0 0 2 .9 9 5 .0 0
A P P K N D I X  0 . 1 8  E l e c t r o n  p r o b e  m l c r o u n a l y w e u  oi.' h e a v y  m i n e r a l s
1
Uan'not ' E p i d o t e i i c ü t l t e A p a t i t e
A K  1 5 9 A K  159 AK  38 0 A K  380 A K  8 5 A K  85 A K  05 A K  380
SiO^ 5 7 . 1 1 37.98 3 7 . 4 6 3 7 ^ ^ 0 . 0 2 0 . 0 5 0.03 -
“ 2°5 2 1 . 0 8 2 1 . 9 3 2 2 . 6 2 2 4 . 8 2 2 6 . 9 1 23.60 19.29 -
F e O  * 5 4 . 1 6  ' 2 5 . 9 9 1 2 . 5 4 9.70 16.35 16.31 19,98 0.29
TiOg 0 . 0 6 0 . 6 5 0 . 0 1 0 . 0 1 0.01 - 0 . 0 5 -
O r g O ^ - - - - 42.2^1 4 6 . 0 4 4 7 .7 2 -
MgO 3 . 3 4 7.05 . 0.04 0.02 13. 4 1 1 2 . 7 9 1 1 . 1 1 0 .1 3
M n O 0 . 4 1 0 . 9 2 0 . 6 0 0 . 1 0 0.59 0.64 0 .7 0 . 0.01
PgO^ - - - - - - 3 6 . 4 0
F g O - - - - - - - 4 .9 2
K g O “ - 0 . 1 5 - - — -
N a g O - 0 . 0 1 0.01 0 . 0 2 - 0.01 0 . 0 1 -
C a O 2 . 8 7 5 . 6 8 2 1 . 6 3 23.13 - — - 53.54
T o t a l 9 9 . 0 4 99,54 95.07 9 5 . 5 1 9 9 . 5 3 99.45 9 8 . 9 1 9 5 .3 0
*A11 i r o n  as F e O  
0  « 2 4 0  = 6 0  = 6 0 = 25
S i 5,99 1 . 4 8 1 . 5 0 1 . 4 8 - - - -
Al 4 . 0 1 1 . 0 0 1 . 0 7 1 . 1 5 1 . 4 4 1 . 2 9 1 .0 9 -
Pe 4 . 6 2 0 . 8 5 0.42 0 . 3 2 0.62 0 . 6 3 0 . 8 0 0 . 0 4
T i 0 . 0 1 - - - - - - -
O r — — — - 1 . 5 2 1 . 6 8 1.81 -
M g 0 , 8 0 0 . 4 1 - - 0 . 9 1 0 . 8 8 0.80 0 . 0 4
H n 0 . 0 6 0 . 0 3 0 . 0 2 - 0 . 0 2 0.02 0.03 -
P - — - - ** 5 .7 1
F - - - - - - _ 2.88
K — — - - - - -
N a - - “ - - - -
C a 0 . 5 0 0 . 2 4 0.93 0.98 — - - 1 0 . 6 3
T o t a l 15,99 4 . 0 2 5 . 9 6 3.<W 4 . 5 2 4 . 5 2 4.55 19.32
.1
»
I:î
I
%Appendix.8.19: Precision of electron rnicroprobe data
All analyses were performed at the Grant Institute of 
Geology, University of Edinburgh, using the energy dispersive 
electron microprobe. Celebration was monitored by a cobalt 
standard; accuracy was estimated by analysing a jadeite stanard 
prior to the commencement of each session. Precision is '[% at 
50% concentration level, 2% at 10% concentration level and 10% 
at 2% concentration level (P. G. Hill, pers comm 1984).
